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0.3 Overview
Chapter 1 includes an introduction to solar energy, the photovoltaic effect, and solar
cells in Section 1.1, luminescence-based characterization in Section 1.2, and applications
of luminescence characterization to silicon wafer solar cells in Section 1.3.
Chapter 2 gives an overview of optics required to model the silicon material in Sec-
tion 2.2, develops the generalized Planck law of luminescence in Section 2.3, and the
transition moment model of luminescence in Section 2.4. These models are used to in-
terpret luminescence characterization methods for silicon wafer solar cells.
Chapter 3 gives an overview of the instrumentation built to enable electroluminescence
and photoluminescence experiments of silicon wafer solar cells. The instrumentation for
applications of spatially-resolved luminescence spectroscopy is discussed in Section 3.5.2,
and the instrumentation for applications of spatially-resolved luminescence polarimetry
is discussed in Section 3.5.1.
Chapter 4 presents experiments performed for characterization of silicon wafer solar
cells. Diffusion length imaging experiments are presented in Section 4.1. Defect topol-
ogy experiments are presented in Section 4.2, and x-ray fluorescence experiments are
presented in Section 4.3. The later results may be found in articles written by the au-
thor of this Thesis [1, 2].
Chapter 5 presents the results of the spatially-resolved luminescence spectroscopy exper-
iments, with discussion and outlook. This includes applications for studying textured
silicon in Section 5.1, and carrier transport properties in Section 5.2. The results may
be found in articles written by the author of this Thesis [3, 4].
Chapter 6 presents the results of the spatially-resolved luminescence polarization ex-
periments, with discussion and outlook. This includes application to study the partial
polarization of luminescence emission from silicon in Section 6.2, and the orientation of
the polarization of luminescence to silicon defects in Section 6.3. The results may be
found in articles written by the author of this Thesis [5, 6].
Chapter 7 gives a theoretical calculation of the transmission of polarized light at an
edge dislocation in silicon through a crossed polarizer instrument to present an alter-
native methodology for characterization motivated from chapter 6. This provides an
alternative form of optical characterization to photoluminescence, and presents an in-
strument with potential application for raw silicon wafer sorting.
Chapter 8 gives a discussion and outlook based on the experiments and results pre-
sented in the Thesis.
v
Contents
0.1 Acknowledgments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . i
0.2 Publication list . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iii
0.3 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . v
0.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xi
1 Introduction 1
1.1 Solar power . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.1.1 Sunlight as a source of renewable energy . . . . . . . . . . . . . . . 2
1.1.2 The solar spectrum . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.1.3 The photovoltaic effect for direct conversion of sunlight into elec-
tricity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
1.1.4 Generation of electrons and holes . . . . . . . . . . . . . . . . . . . 9
1.1.5 Silicon-wafer photovoltaic devices . . . . . . . . . . . . . . . . . . . 10
1.1.6 Defects in silicon wafer solar cells . . . . . . . . . . . . . . . . . . . 13
1.1.7 Characterization of photovoltaic materials and devices . . . . . . . 15
1.2 Luminescence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
1.2.1 Introduction to luminescence . . . . . . . . . . . . . . . . . . . . . 17
1.2.2 Generation and detection of luminescence . . . . . . . . . . . . . . 18
1.2.3 A method for developing luminescence-based characterization . . . 20
1.2.4 History of luminescence imaging for gallium arsenide characteri-
zation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
1.3 History of luminescence imaging for silicon wafer material and photo-
voltaic device characterization . . . . . . . . . . . . . . . . . . . . . . . . . 22
1.3.1 The spatial homogeneity of a silicon wafer solar cell . . . . . . . . 23
1.3.2 Measuring the electrical properties of a silicon wafer solar cell . . . 25
1.3.3 Identification of defects in solar cells . . . . . . . . . . . . . . . . . 27
1.4 Advancing luminescence-based characterization of silicon wafer materials
and devices . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
2 Modeling light emission from silicon 31
2.1 Light and optics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
2.2 Optical properties of silicon . . . . . . . . . . . . . . . . . . . . . . . . . . 32
2.2.1 Refractive index of silicon . . . . . . . . . . . . . . . . . . . . . . . 33
2.2.2 Reflectivity of silicon . . . . . . . . . . . . . . . . . . . . . . . . . . 34
2.2.3 Absorptivity of silicon . . . . . . . . . . . . . . . . . . . . . . . . . 36
2.3 The generalized Planck law of luminescence . . . . . . . . . . . . . . . . . 37
2.3.1 The classical spectrum of luminescence emission . . . . . . . . . . 38
vi
2.3.2 Effect of instrumentation on the measured luminescence . . . . . . 39
2.3.3 Excess carrier concentration . . . . . . . . . . . . . . . . . . . . . . 39
2.3.4 Solving electroluminescence boundary conditions . . . . . . . . . . 41
2.3.5 Solving photoluminescence boundary conditions . . . . . . . . . . . 45
2.3.6 Solving reabsorption of luminescence of a planar cell . . . . . . . . 48
2.3.7 Reabsorption of luminescence in textured wafers . . . . . . . . . . 51
2.4 The transition moment model of light emission . . . . . . . . . . . . . . . 53
2.4.1 The transition moment of light emission . . . . . . . . . . . . . . . 54
2.4.2 Emission processes in the quantum theory . . . . . . . . . . . . . . 55
2.4.3 Luminescence emission from silicon as an oscillation . . . . . . . . 57
2.4.4 Light-matter interactions . . . . . . . . . . . . . . . . . . . . . . . 58
2.4.5 Electrodynamics for light-matter interactions . . . . . . . . . . . . 58
2.4.6 The Hamiltonian of a charge in an electromagnetic field . . . . . . 59
2.4.7 The electric dipole approximation and the transition moment . . . 61
2.4.8 Dependence of the spatial orientation of the charges on the emission 62
2.4.9 The orientation of fields in the light-matter interaction . . . . . . . 62
3 Instrumentation for photoluminescence and electroluminescence ap-
plied to silicon wafer solar materials and devices 64
3.1 Luminescence imaging instrumentation . . . . . . . . . . . . . . . . . . . . 64
3.1.1 Electroluminescence instruments . . . . . . . . . . . . . . . . . . . 64
3.1.2 Photoluminescence instruments . . . . . . . . . . . . . . . . . . . . 67
3.2 Electrical components . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
3.2.1 Temperature controller, electrical contacts, and power supply . . . 67
3.3 Optical components . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
3.3.1 Sources of optical excitation . . . . . . . . . . . . . . . . . . . . . . 69
3.3.2 Homogenization of laser light . . . . . . . . . . . . . . . . . . . . . 70
3.3.3 Camera selection . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
3.3.4 Optical filtering . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
3.3.5 Imaging optics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
3.4 Mechanical components . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
3.5 Modifications to the luminescence-imaging instruments for advanced char-
acterization of silicon wafer solar cells . . . . . . . . . . . . . . . . . . . . 76
3.5.1 Luminescence polarimetry instrument . . . . . . . . . . . . . . . . 77
3.5.2 Luminescence spectroscopy instrument . . . . . . . . . . . . . . . . 78
4 Applications of luminescence imaging of silicon wafer solar cells 82
4.1 Measuring the diffusion length of solar cells using electroluminescence
imaging . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
vii
4.1.1 The ratio method for imaging diffusion lengths of silicon wafer
solar cell . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
4.1.2 Application of diffusion length imaging using different cameras and
interference filters . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
4.1.3 Ratio images of multicrystalline silicon wafer solar cells . . . . . . 87
4.1.4 On the practical application of diffusion length imaging based on
the ratio method . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
4.2 Luminescence emission related to defects in silicon wafer solar cells . . . . 90
4.2.1 Reverse-bias luminescence and sub-bandgap luminescence . . . . . 90
4.2.2 Using voltage control and spectral analysis to enhance electrolu-
minescence imaging . . . . . . . . . . . . . . . . . . . . . . . . . . 93
4.2.3 Results from the luminescence investigations and their association
with defects in silicon wafer solar cells . . . . . . . . . . . . . . . . 95
4.2.4 Summary of the investigations of defect luminescence from silicon
wafer solar cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96
4.3 Elemental analysis of defects in silicon wafer solar cells correlated to their
luminescence characteristics . . . . . . . . . . . . . . . . . . . . . . . . . . 96
4.3.1 Luminescence from defects in silicon wafer solar cells . . . . . . . . 97
4.4 Analysis using synchrotron light source for x-ray fluorescence measurements 99
4.4.1 Experimental results from SRIXE analysis . . . . . . . . . . . . . . 99
4.4.2 Summary and discussion on defect luminescence and x-ray fluo-
rescence studies on multicrystalline silicon wafer solar cells . . . . 101
5 Luminescence spectroscopy for characterization of silicon wafer solar
cells 103
5.1 Evaluation of the textured silicon wafer solar cell using luminescence spec-
troscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
5.1.1 Dependence of the luminescence spectrum on the pathlength en-
hancement factor . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
5.1.2 Measuring pathlength enhancement of textured solar cells with a
hyperspectral imaging instrument . . . . . . . . . . . . . . . . . . . 105
5.1.3 Fitting procedures on the measured spectra . . . . . . . . . . . . . 108
5.1.4 Resulting measured spectra of the textured samples . . . . . . . . 109
5.1.5 Discussion on the evaluation of the pathlength enhancement factor
using luminescence spectroscopy . . . . . . . . . . . . . . . . . . . 112
5.2 Determining the electrical properties of a multicrystalline silicon wafer
solar cell with a hyperspectral imaging instrument . . . . . . . . . . . . . 112
5.2.1 Quantifying the luminescence spectrum . . . . . . . . . . . . . . . 114
viii
5.2.2 Developing characterization of diffusion length of minority charge
carriers from the luminescence spectrum . . . . . . . . . . . . . . . 117
5.2.3 Sample preparation and experimental procedures for luminescence
spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118
5.2.4 Data processing procedures for the spatially-resolved luminescence
spectra . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120
5.2.5 Resulting diffusion length images based on the spatially resolved
luminescence spectra . . . . . . . . . . . . . . . . . . . . . . . . . . 122
5.3 Summary and conclusion on spatially-resolved luminescence spectroscopy
of silicon wafer solar cells . . . . . . . . . . . . . . . . . . . . . . . . . . . 123
6 Polarization analysis of luminescence for characterization of silicon
wafer solar cells 125
6.1 The nature of polarization anisotropy of emission . . . . . . . . . . . . . . 125
6.1.1 Spatial anisotropy of defects in silicon . . . . . . . . . . . . . . . . 127
6.1.2 Extended defects in multicrystalline silicon . . . . . . . . . . . . . 128
6.1.3 Polarized emission from a dipole oscillator . . . . . . . . . . . . . . 129
6.1.4 Dislocation emission from multicrystalline silicon . . . . . . . . . . 131
6.2 Partial polarization images of silicon wafer solar cells . . . . . . . . . . . . 134
6.2.1 Experimental procedure used to perform polarization analysis on
defect luminescence . . . . . . . . . . . . . . . . . . . . . . . . . . 135
6.2.2 Resulting analysis of polarization analysis and electroluminescence
images . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136
6.3 Orientation of the polarization of luminescence from dislocations in mul-
ticrystalline silicon solar cells . . . . . . . . . . . . . . . . . . . . . . . . . 139
6.3.1 On the anisotropy of the Bloch bands at extended defects in silicon
wafers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145
6.4 Conclusion and outlook of luminescence polarimetry of silicon wafer solar
cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146
7 Theory of defect detection in raw silicon wafers using transmission
polarimetry 148
7.1 Introduction and motivation for the use of transmission polarimetry for
wafer sorting . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148
7.1.1 Comparing transmission polarimetery with photoluminescence imag-
ing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 150
7.1.2 Calculation of the transmission of light through a cross polarizer
arrangement including a raw silicon wafer . . . . . . . . . . . . . . 152
ix
7.1.3 Determining the dislocation density in a raw silicon wafer using a
transmission polarimeter . . . . . . . . . . . . . . . . . . . . . . . . 155
7.2 Transmission polarimetry instrument for analysis of the density of ex-
tended defects in silicon wafers . . . . . . . . . . . . . . . . . . . . . . . . 157
7.3 Summary of the potential use of transmission polarimetry for raw wafer
sorting . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159
8 Conclusion 160
8.1 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160
8.1.1 Luminescence spectroscopy . . . . . . . . . . . . . . . . . . . . . . 160
8.1.2 Luminescence polarimetry . . . . . . . . . . . . . . . . . . . . . . . 161
8.1.3 Identification of defects in silicon wafer materials and devices . . . 161
8.1.4 Textured silicon materials . . . . . . . . . . . . . . . . . . . . . . . 162
8.2 Proposed future work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162
8.2.1 Using polarization of emission to characterize extended defects in
silicon crystals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 163
8.2.2 Interaction of luminescent materials with alternative external fields 164
8.2.3 Characterization of decorated dislocations and precipitates by cir-
cular or elliptical polarization of luminescence . . . . . . . . . . . . 164
8.2.4 Inline characterization using transmission polarimetry . . . . . . . 165
8.2.5 Spatially-resolved characterization of pathlength enhancement of
textured silicon wafers . . . . . . . . . . . . . . . . . . . . . . . . . 165
8.2.6 Imaging diffusion lengths and the surface recombination velocity . 166




Luminescence-based characterization of silicon wafers and silicon solar cells used to cre-
ate photovoltaic modules for solar energy conversion may reduce their production cost
and performance variance, and allow improved understanding of their physical proper-
ties. Luminescence measurements are advantageous since they are non-destructive, and
provide rapid, spatially-resolved evaluation of large areas typical of silicon photovoltaic
materials and devices, and in room temperature conditions. A luminescence measure-
ment is made by exciting a material or device and recording the emitted electromagnetic
radiation. Luminescence was commonly used more than thirty years ago to image gallium
arsenide substrates for fabrication of integrated circuits. Recently, electroluminescence
and photoluminescence has been used to characterize silicon wafer-based photovoltaic
materials and devices.
In this Thesis, the practical instrumentation of a luminescence imaging system was in-
vestigated to advance luminescence-based characterization of silicon wafer materials, and
silicon wafer photovoltaic devices. A photo/electroluminescence instrument was built to
allow flexible modification of instrumentation parameters to design and test modifica-
tions and applications of the instrument for silicon wafer solar cell characterization.
Two major modifications to luminescence imaging instrumentation for characterization
of silicon photovoltaic materials and devices includes the advancement of polarimetry
for luminescence, as well as the application of hyperspectral imaging of luminescence to
allow luminescence spectroscopy measurements.
The instrument was applied to characterize defects in multicrystalline silicon wafer
solar cells. Both forward and reverse-biasing was applied to the photovoltaic devices
to yield defect-related luminescence. The spatial topography of the defects was inves-
tigated using x-ray fluorescence, and it was found that certain luminescence signatures
correspond with large concentrations of metals, while other signatures were associated
with extended defects in the crystal lattice, particularly dislocations. Spectral imaging
was used as well to evaluate the electrical properties of silicon wafer solar cells.
The application of luminescence spectroscopy using a hyperspectral imaging instru-
xi
ment allowed full area device characterization. Using the generalized Planck law to
compute luminescence spectra over the indirect bandgap of silicon, it was shown that
spectroscopy has advantages over intensity imaging because physical device parameters
may have a distinct affect on the spectral signature of luminescence. This may allow un-
ambiguous and independent determination of a particular device parameter from other
parameters, which otherwise could simultaneously affect the luminescence intensity. As
an example, it was shown that by observing a specific feature of the luminescence spec-
trum, being the wavelength at the peak luminescence intensity, the diffusion length of
minority carriers in the absorber layer can be determined.
The application of polarization-resolved luminescence imaging showed that lumines-
cence polarization is related to extended defects in silicon crystals. The polarization
of emission was shown to correlate strongly with the orientations of extended defects
in silicon crystals, like dislocations and sub-grain boundary dislocation networks. The
physical interpretation of luminescence polarization from dislocation defects in photo-
voltaic devices relates to a electric dipole model of light emission assuming a constrained
oscillator orientation at the structural defect. This oscillator orientation is related thus
to the orientation and structure of extended defects in the raw silicon wafers and ingots
used to fabricate silicon wafer solar cells. This form of characterization may be further
developed to characterize silicon crystalline materials, the physics of solid state light
emission, anisotropic defect structures in crystals, and how to detect these defects to
control device and material fabrication.
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Global energy markets are evolving. Conventional energy sources, being fossil fuels, are
becoming more expensive and harder to extract [7]. Particularly, oil prices have risen
significantly, while oil exploration has focused towards unconventional mineral deposits
[8–11]. Combustion of fossil fuels pollutes the atmosphere, and might contribute to global
warming [12]. Thus, many nations today have targets to allocate renewable energy into
their energy production mix [13–15]. Renewable energy is generated using a source that
is not depleted, depletes at a slow rate, or is naturally replenished in a short time [12, 16].
Of renewable energies, solar energy has seen considerable growth since the start
of the millennium [17]. Recently, solar energy has approached costs that make it a
candidate for large-scale application [18, 19]. Policy mandates supporting renewable
energy are a primary motivator for the expansion of photovoltaic energy systems used
for electricity generation1 [14, 21, 22]. For example, feed-in tariffs allow guaranteed
pricing to give financial certainty to investors, and priority grid access for renewable
energy producers [14, 23]. Solar energy is currently approaching a dollar-per-Watt price
figure, which is decreasing [24]. By most accounts, solar power generation is predicted to
reach dynamic grid parity2 during this decade. Dynamic grid parity has been achieved
in some equatorial regions, and is expected to be achieved in most equatorial regions as
early as the year 2014 [27].
Solar power is abundant, clean, and has other considerable advantages [21, 28, 29].
Its use allows the containment of waste and pollution at the manufacturing site. A
solar module is non-toxic, and can be recycled. Solar modules last for > 20 years
in the field [30], and generally come with warranties of twenty five years [29]. Solar
photovoltaic modules produce no noise, and allow energy systems to be scaled to larger
power generation capacities if needed. Sunlight provides a large amount of energy every
1Note, however, that almost all energy generation technologies receive some form of policy support
since energy generation is positively correlated to the economic output and quality of life of a state
[16, 20].
2For a definition of dynamic grid parity see Luther, Lund or Bhandari [21, 25, 26]
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day which is free to use, and assessable to all. Solar energy incident on the earth is
orders of magnitude larger3 than the energy consumed by humankind currently, and
rates foreseeable for some time to come [31].
In this Section, the energy density of sunlight is calculated, and characterized by its
energy spectrum. Devices which use the photovoltaic effect to convert sunlight directly
into electricity are introduced, then luminescence-based characterization of these devices
is introduced.
1.1.1 Sunlight as a source of renewable energy
The sun (see Fig. 1.1.1) generates energy through the fusion of hydrogen atoms due to
the large pressure and temperature in its core. Fusion involves the binding of nuclei into
larger groups. In the sun, hydrogen atoms bind to form helium atoms. The sun is a
spectral class G2V star; a main-sequence star of spectral class G and luminosity class
V [32]. It is known colloquially as a yellow dwarf, emitting primarily yellow and green
light. A yellow dwarf has a temperature of 5300K and 6000K at its outer surface, and
a mass of 1.6× 1030 kg to 2.38× 1030 kg.
The sun is brighter than 85% to 90% of the stars in the Milky Way galaxy, and
provides the majority of energy used by humankind and nature. Energy is released by
the sun into space in the form of electromagnetic radiation. This radiation flux is so
enormous that approximately 1 hour of its energy flow through the earth’s cross-section
is equivalent to the annual worldwide energy consumption of humankind, based on an
estimation of
474× 1018 J ≈ 132, 000TWh (1.1.1)
used in the year 20084.
Sunlight’s energy density may be calculated using the fusion process, the rate that
hydrogen is consumed in the sun, and the geometry of the solar system. The fusion
3Approximately 104 times more sunlight energy is incident on the earth than is consumed by hu-
mankind; read on.
4Source: BP statistical review of world energy, 2011 [33]. Alternative data at EIA [34]
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Figure 1.1.1: A giant burning ball of compressed hydrogen gas. The Sun is the primary
source of energy on Earth due to the fusion of hydrogen atoms in its core. Large masses
of hydrogen undergo fusion to form helium atoms, thereby releasing energy. Electro-
magnetic radiation from the sun reaches the earth as sunlight, and may be converted
into useful work by using sunlights heat, or converting the light into electricity. (Image
courtesy of NASA).
process can be represented as the conversion
4p+ → 42He+2e+ + 2νe + 2γ (1.1.2)
releasing photons or light energy (γ) into space, while four hydrogen (H) atoms are con-
verted into one helium (He) atom. The neutrino (νe) energy flux released in the process
is about 1011 cm−2s−1, or about 3% of the energy emitted compared to the photon (γ)
energy [35–37], and can be subtracted from the total energy emission. Equation 1.1.2
results in a net reduction of mass. The reduction in mass is due to the energy difference
between free hydrogen atoms and the bound helium core. Using the atomic mass units
(amu) for hydrogen and helium, and Avogadro’s constant (which is 6.022× 1023mol−1)
the mass of hydrogen before fusion is 4× 1.00794/6.022× 1023, and the mass of helium
after fusion is 4.0026/6.022× 1023.
Using the Einstein mass-energy relationship [38], the difference in mass is equated
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to the energy emitted from the sun. Converting mass to kg, and dividing by time, the
















Since H is consumed at approximately 620 × 109 kg/s [39], the total rate of mass
negated is 620 × 109 kg/s × (4×1.007944.0026 − 1) = 4.516 × 109 kg/s and the power emitted
becomes
P = 4.516× 109 kg/s× (299792458m/s)2 = 4.05× 1028W. (1.1.5)
At a distance of one astronomical unit from the sun (the distance from the sun to the
earth) the power incident on one square meter is thus
97%
4.05× 1028
4pi (150× 109)2 = 1391W/m
2. (1.1.6)
The factor of 97% subtracts the neutrino energy. This value corresponds closely with a
modern determination of the solar constant [40, 41] outside of the earths atmosphere,
being 2% higher than an accepted value of 1360.8W/m2.
By multiplying the determined solar constant by the cross-section of the earth, the
total time t through which the solar insolation incident upon the earth’s atmosphere





which gives 2584 s, or roughly 43 minutes. Alternatively, matching humankind’s rate of
energy consumption to an equivalent area A of solar power gives
A =
474× 1018 J/1 yr.
(1435W/m2)
= 10474 km2. (1.1.8)
This is approximately the size of Jamaica, Qatar, or the smallest sovereign state of
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continental Africa, Gambia. Moreover, dividing the mass of the sun by the rate of mass
conversion, the remaining lifetime of the sun is on the order of 1.98892× 1030 kg/620×
109 kg/s ≈ 100× 109 years, or at least billions of years5.
1.1.2 The solar spectrum
Figure 1.1.2: The radiation emitted from the sun is absorbed and scattered in the earth’s
atmosphere. The AM0 spectrum represents the sun’s radiation outside of the earth’s
atmosphere (red). The spectrum reaching ground level at earth is represented by the
AM1.5 spectrum (green and blue). It is this spectrum which must be converted to useful
energy to provide solar power. (Image adapted from PV-CDROM [45]).
Sunlight may be characterized by its spectrum to identify an appropriate material
that may convert the solar spectrum into useful energy, such as electricity. The surface
temperature of the sun is approximately 5778K. Modeled as a black-body, the spectrum
of light emitted by the sun can be calculated using the Planck law which states







5The assumption used here does not relate to modern astrophysical models of stellar evolution, which
may be found in the literature [42–44]. In any case, sunlight should be available for a long time, and
thus solar power is classified as a renewable energy.
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I is the spectral radiance, ν is the electromagnetic frequency, T is the temperature of
the black-body, h¯ is the reduced Planck constant, c is the speed of light, and kB is the
Boltzmann constant.
The air mass (AM) of the atmosphere defined as AM = 1/ cos (θ), with θ measured
as an angle from overhead, defines the AM0 spectrum outside the earth’s atmosphere,
and the AM1.5 spectrum representing the irradiation of the sun at the earth’s surface
(θ = 48◦) (see Fig. 1.1.2). As the air mass increases, the attenuation of light shifts
the spectrum to the red, since scattering of light increases with the photon energy by
≈ ω4. This explains why the sky is blue, while a sunset appears orange. The AM spectra
[46, 47] as the radiative power at earth is written IAM . The Standard Tables for
Reference Solar Spectral Irradiances give a value of the integral of the spectrum
as 888W/m2 for terrestrial applications [47]. Average values for solar insolation can be
obtained from NASA [48], for example, or the National Renewable Energy Laboratory
(NREL) [49].
The conversion of sunlight into useful work is a candidate for renewable energy since
sunlight is abundant, and sufficiently dense in energy. Sunlight can provide humankind
with considerable amounts of solar generated power, if the energy can be converted or
stored efficiently. The conversion of sunlight into work using heat is known as solar-
thermal energy [50–52]. Heat can be used to drive a turbine, or heat water [53]. Below,
the photovoltaic effect and silicon-based devices used to exploit the photovoltaic effect
are introduced, followed by luminescence-based characterization of these devices.
1.1.3 The photovoltaic effect for direct conversion of sunlight into electricity
The direct conversion of sunlight into electricity uses the photovoltaic effect [54–56]. The
focus of the present work is on the characterization of silicon-based devices designed to
enable photovoltaic energy conversion of sunlight energy into electricity. For more infor-
mation on photovoltaic energy conversion, solar cell physics, and design architectures,
the reader is referred to the literature [28, 31, 57–65].
Solar electric energy generation using the photovoltaic effect may be enabled using
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Figure 1.1.3: The photovoltaic effect at a pn junction showing the formation of an
electron and hole due to the absorption of a photon of energy h¯ω. The bulk is p-
type, while the emitter is n-type. The majority of the base region is quasi-neutral with
respect to the electric potential, and diffusion of the photo-generated minority carriers
dominates. Some minority carriers (electrons in the case of a p-type base) diffuse towards
the depletion region and are influenced by the electric field close to the pn junction. The
electric field formed at the junction region drives the excess charge carriers so that
the electrons will flow in only one direction. The generation of an electric field at the
depletion region establishes a voltage on the device, while the flow of charges establishes
a current. The current and voltage together establish the output power of the device.
an electronic device called a solar cell [66–68]. Figure 1.1.3 shows a cross-section of
a solar cell. The photovoltaic effect was discovered in 1839 by Alexandre Edmond
Becquerel [54]. Becquerel noticed that certain metal/electrolyte systems provided
electrical currents upon incidence of light [54, 55]. This effect is due to the liberation
of electrons upon absorption (annihilation) of photons. A combination of the diffusion
of liberated electrons (holes) and forces on these charge carriers by the electric fields
in the material causes charge carriers to flow, producing a net current and a voltage at
the device terminals [56, 62, 69]. Modern solar cells use semiconductors, not electrolyte
solutions6, to harness the photovoltaic effect. Silicon-based technologies dominate the
market [58, 70].
When sunlight is incident on a solar cell, the energy is transferred to electrons bound
in the material [71, Chapter 8, p. 195]. Electrons will go from a lower energy state called
the valence band, into a higher energy state called the conduction band, leaving behind
a positive charge in the valence band, known as a hole. The minimum photon energy
6With the exception of organic solar cells.
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Figure 1.1.4: The I-V curve (a) and simple diode model of a solar cell (b), demonstrate
the operation of a solar cell. The power curve in blue calculated by P = V I shows
a maximum for a particular current and voltage. In (b) the simple diode is based on
parameters IL, the current generated at the source when the device is illuminated, and
I0, the saturation current.
required to excite the electron into the conduction band is known as the bandgap energy.
The liberated electrons and holes are able to move around the material [72, Chapter 2,
p. 27]. The result of the annihilation of light energy is the creation of two charges in the
solar cell, one negative and another positive.
Inside the solar cell different layers of material are created through a process called
doping or diffusion [73]. The solar cell shown in Figure 1.1.3 has two regions, a base
fabricated with an excess of free positive charge carriers, and an emitter with an excess of
free negative charge carriers. The boundary of these regions forms a pn junction [68, 69,
74] resulting in an electric field that causes charge carriers to drift. The physics of the pn
junction is described in detail in sources such as the book by Sze [65, Chapter 2,p. 79-
133] or Luque, et al. [28, Section 3.2.8,p. 102]. Due to drift and diffusion, a net
current flow is achieved in the device upon illumination. The result is that light energy
is converted into a flow of electrons which may power a connected load.
The photovoltaic conversion efficiency ηPV can be written as the division of the





where Vmpp is the voltage and Impp is the current at the maximum power point of the
8
solar cell. IAM represents the optical power incident at ground level (see Figure 1.1.2).
The denominator integrates to a constant value which depends on the location of the
photovoltaic system, as well as meteorological conditions, or the module inclination. A
standard solar cell I-V curve is shown in Figure 1.1.4, together with the power-voltage
curve. The solar cell must operate at a particular point on the curve. The output power
peaks at the maximum power point. Optimization of this electrical energy generation
process in an economical manner is the key aspect of silicon wafer-based photovoltaic
research and engineering [75, 76]. For example, selective emitters, back surface fields,
and specific chemical processing procedures for passivation and texturing of silicon wafer
solar cells have been developed [58]. More details on the fabrication of silicon wafer solar
cells may be found in the Handbook of Photovoltaic Science and Engineering
by Luque, et al [28], and other books [59, 77].
1.1.4 Generation of electrons and holes
The generation of an electron and hole in a semiconductor may occur upon the absorp-
tion of a photon of energy Eγ = h¯ω. The process of absorption at room temperature
may include the addition of a phonon of vibrational energy, along with the absorption of
light energy. This allows momentum and energy conservation for excitation of an elec-
tron into the conduction band of an indirect semiconductor. Energy transitions in the
semiconductor may also involve localized states in the bandgap [62]. Such transitions
involve only a single electron or hole. Photovoltaic conversion requires the generation
and collection of both an electron and hole to provide a net current from the device.
In steady-state, the Poisson equation and continuity equations govern the concen-
tration of charges in the semiconductor [65, 71, 78, 79]. These equations are
∇ ·  ~E = q (p− n+N) , (1.1.11)













Figure 1.1.5: (a) Estimated annual growth figures of solar markets by country. The
compounded annual growth rate of the solar energy market from 2000 to 2009 is esti-
mated at 39%. (b) Technologies leading the solar energy market. Wafer-based silicon
technologies currently dominate the solar market.
respectively. This includes the concentrations of the free electrons n and free holes
p, while N may be written N = N+D − N−A + N+T , q is the electron charge, and the
electric field is ~E. N+T is the net recombination due to defects in the bulk of the solar
cell. The current density vectors for electrons and holes are ~Jn and ~Jp, respectively.
The rates of change in the electron and hole concentrations ∂n/p∂t are constrained by the
terms G for the optical generation rate of electron-hole pairs, and Rn/p accounting for
recombination. The generation rate G is proportional to G(z) = αjγ(z) at a distance of
z into the material, where jγ is the particle flux of photons transmitted into the silicon
material, and α is the absorption coefficient. These general equations constrain the
rates of change of charge concentration in the material, and may be used to compute
the electrical performance of a device based on its specific boundary conditions.
1.1.5 Silicon-wafer photovoltaic devices
Silicon wafer technologies currently dominate the market (see Fig. 1.1.5). This Thesis
focuses on characterization of silicon wafer-based photovoltaic devices. A silicon wafer
solar cell is fabricated in a series of processing sequences whereby the raw silicon is
grown, sliced into wafers, doped to create a junction, and finally optically coated and
metalized [28, 80].
A procedure for fabricating a silicon wafer solar cell is shown in Figure 1.1.6. The
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first stage shows the growth of a silicon crystal [81], followed by sawing of the block
into wafers (thin slices of silicon). Growth of the silicon block is usually performed by
drawing a seed crystal from molten silicon [82–84] to create a single crystal, or by directly
solidifying [85–87] molten silicon. The result is either monocrystalline or multicrystalline
silicon, respectively. Silicon ingots are cut into wafers using a wire saw. Very thin wires
are used to reduce kerf loss [88, 89]. The resulting wafers have a thickness of 150−200µm.
Methods of fabricating kerf-free silicon wafers may eventually replace the sawing process,
and are under development currently [90].
Figure 1.1.6: (a) The manufacture of silicon wafer photovoltaic devices starts from the
growth of a silicon ingot and terminates in contacting a solar cell with electrodes. Mul-
ticrystalline silicon ingots are made by direct solidification of silicon, while monocrys-
talline silicon ingots are made by the Czochralski (CZ) process. Growth technologies for
silicon ingots are of high interest for production of low-cost substrates. (b) A process
flow is shown for a silicon wafer solar cell. A saw damage etch removes surface damage,
and texture is added to the surface. Diffusion is followed by edge isolation to remove
shunting across the rim of the wafer. Anti-reflection coatings are then applied. These
coatings are engineered to also reduce the surface recombination velocity. Subsequently,
screen printing is used to deposit the top and rear contact paste. The device is then
co-fired to achieve ohmic contact. Finally, the cells are sorted and tested, then strung
and encapsulated into solar modules. Image adapted from Luque, et al. [28].
Crystalline silicon wafers are put into a diffusion furnace where a dopant element
is added into the surface regions of the wafer [91]. Boron and phosphorus are common
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Figure 1.1.7: On the left a finished solar cell is shown with silver fingers and three bus
bars on the front. On the right is a passivated multicrystalline silicon wafer, not yet
processed into a cell.
elements used for doping. This step creates the boundary illustrated in Figure 1.1.3,
where electrical charges can be separated. Doped wafers are anti-reflection coated which
improves the cells absorption of sunlight, and also functions for surface passivation by
reducing electrical recombination at material surfaces [92–95].
Metallic electrodes are added to both sides of the solar cell [96–98]. This is done by
screen printing a metal paste (e.g. silver) through a fine mesh [99]. The cell must be
heated after the paste is placed on the coated wafer in a process called co-firing, or fast
firing, to create a good electrical contact between the electrode and doped solar wafer
[100]. In Figure 1.1.7, a passivated silicon wafer is shown beside a complete silicon wafer
solar cell.
Finished solar cells are embedded into a module to protect them from the envi-
ronment and to allow the collection of a large amount of electrical power. Electrical
interconnections from all the cells in a solar module lead to a junction box at the back
of the module from where the modules can be connected to a solar system. Encapsu-
lation commonly uses ethylene vinyl acetate (EVA) to laminate the cells in the module
[101, 102]. Modules are encapsulated in a glass/EVA/cell/EVA/back-sheet sandwich
[103]. A metal frame mechanically supports the laminated solar module, and is used for
mounting. Solar modules have been known to last more than 30 years in the field [104].
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A solar power system requires, apart from solar modules, other system components,
including often an inverter that transforms the direct current from the module into an
alternating current to match an electrical grid [105–108]. The modules must be mounted
at an optimal angle to receive the most direct sunlight throughout the year [109–111].
1.1.6 Defects in silicon wafer solar cells
The presence of material defects in the silicon material leads to a reduction in the
photovoltaic conversion efficiency. A variety of defects may occur, including the inclusion
of metallic particles, or structural imperfection of the silicon lattice. Monocrystalline
silicon has a lower density of crystalline defects than multicrystalline silicon, and thereby
generally provides a higher photovoltaic efficiency [112]. However, the additional energy
required to fabricate a monocrystal makes photovoltaic conversion using monocrystalline
solar cells more expensive.
Effort is being made to understand how to reduce the impact of defects on the
photovoltaic effect in multicrystalline material so that the cheaper fabrication processes
may be used to provide about the same efficiency as that provided by a monocrystalline
silicon wafer solar cell [113]. In Figure 1.1.8 the most common forms of defects in silicon
crystals are shown [58, Chapter 9, p. 187]. Shunting of a solar cell is also important to
understand electrical loss in solar modules [114]. Shunts are associated with defects at
surfaces, near edges, or near the junction of the solar cells [115–118].
Crystals have defects of various dimensionality [119]. Point defects are usually spher-
ical in nature, and include substitution atoms, interstitial impurity atoms, or atom va-
cancies of the crystal lattice [120]. Point defects can also include substitutional impurity
atoms, or interstitial impurity atoms. Such defects may emit light at an energy associ-
ated with their internal energy levels [121–123], however weakly. Raman spectroscopy
may be able to detect such defects [124].
Line defects or linear defects are generally referred to as dislocations [125, 126].
Dislocations may be either edge or screw dislocations depending on their geometry.
An edge dislocation is created when an extra plane of silicon atoms is inserted in the
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Figure 1.1.8: Silicon material has a variety of types of defects as depicted here. (a) shows
an interstitial impurity atom, (b) an edge dislocation, (c) and (d) show a self-interstitial
atom and a vacancy, (e) and (f) are impurity precipitates and vacancy dislocations, and
(g) and (h) are interstitial dislocation loops and substitutional impurity atoms. (Image
adapted from PV-CDROM [45]).
lattice. Where the plane abruptly terminates, a linear vacancy occurs. Screw dislocations
and edge dislocations can mix [127, 128], and the result is a mixed dislocation. In
multicrystalline silicon usually dense dislocation networks may be observed, rather than
individual dislocations associated with dimensions of the crystal lattice.
Planar defects are interfaces between otherwise single homogeneous crystals. These
are generally referred to as grain boundaries [129]. Planar defects include external sur-
faces [119] as well as stacking faults [130, 131]. Such defects cause localized states and
band energies which allow trapping, radiative recombination [132], or other recombina-
tion mechanisms in the material [133]. These defects interact, and commonly networks
of extended defects are observed to be sites of small atom precipitates, leading to internal
gettering [134], and other phenomena [135, 136].
Defects lead to recombination of electron-hole pairs in the solar cell, reducing the
efficiency of the photovoltaic device [137]. Recombination mechanisms in silicon include
• Radiative recombination [138–140]
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• Auger recombination [141]
• Defect related recombination (Shockley-Read-Hall (SRH) recombination) [142]
• Surface recombination (also SRH recombination) [143, 144]
More information on electrical recombination can be found in the literature [57, 58, 61,
145, 146].
Radiative recombination results in luminescence, and is the reverse process of the
absorption of a photon, being the annihilation of an electron and hole, and subsequent
creation of a photon. The carrier lifetime of the radiative recombination process is
proportional to the excess carrier concentration. Radiative recombination is intrinsic,
and thus unavoidable. The lifetime of radiative recombination may be given by
τ−1γ = B(n0 + p0 + ∆n), (1.1.14)
where B is a material constant. Thus, at low-injection, the rate of radiative recom-
bination increases linearly with the excess carrier concentration. In what follows, the
application of luminescence-based characterization is developed and performed on silicon
wafer-based photovoltaic devices fabricated in a similar manner to that described above.
1.1.7 Characterization of photovoltaic materials and devices
The characterization of photovoltaic devices concentrates on their electrical output and
performance to an optical input, since this information directly determines the power
capacity of generation, and quality of the electrical component. Characterization is
often performed to assess the current versus voltage (I − V ) behavior, or the spectral
responsivity versus wavelength (S(λ)) behavior. The solar irradiance itself is usually
measured using a pyranometer, or a calibrated photodetector. In terms of reporting
on the photovoltaic conversion mechanism, the efficiency η, Voc, or fill factor (FF ) are
frequently used, with reference to standard irradiance (see Fig. 1.1.2) or a standard
reference device.
The I − V curve is generally modeled after a two diode circuit representation, as
15
Figure 1.1.9: A two diode model of a solar cell. One diode has a ideality factor assumed
to be unity, while the other has a non-ideal diode. Rsh is the shunt resistance, Rs is
the series resistance, while I and V are applied to record the current or voltage of the
device. The current source represents the absorption of sunlight and generation of a
photovoltaic current.
shown in Fig. 1.1.9. Here, one diode is assumed ideal while the other takes a non-ideal
diode term. Methods of assessing the elements of this model include dark lock-in ther-
mography (DLIT) [117, 147, 148], source measurement units (SMU) which apply known
voltages and measure the current generated, as well as four point probes to measure
sheet resistivity Rs. The later two measurements may not assess spatial information of
the device, and assume the cell electrical property as a spatial average. As photovoltaic
devices are manufactured to cover over a large spatial area whereby larger amounts of
sunlight may be converted to electrical power, methods of assessing the entire device
area are used. This is performed generally by either an imaging or scanning instrument.
Common methods of characterizing the local spatial properties of a device, which
allows determination of defect densities or further understanding of local behavior of the
device, involves methods such as optical (light) beam induced current (OBIC/LBIC)
measurements [149–152], electron beam induced currents (EBIC) [153, 154] which de-
posits charge in the device, and luminescence imaging [3, 120, 155–188]. The later
provides an image of the entire device in a single acquisition using a array of pixels,
whereas LBIC and EBIC require scanning a light or electron beam on the surface of a
device while reading out the electrical state of the device. EBIC and LBIC are mainly
used to obtain area scans, however they may provide some information from a volume if
the excitation energy is modified. Various merits and descriptions of these methods are
included in Table 1.
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Table 1: A summary of various techniques used for characterization of silicon wafer solar
cells.
Method Description Common quantity Spatial extent
I-V Varying voltage or load
to map the I − V char-
acteristic




sessed over two leads
for current and voltage
assessment
Rs Points



















sion from the device af-
ter external excitation




In this Section, luminescence is defined and introduced as a characterization method for
materials and devices. Subsequently, an overview of developments of luminescence char-
acterization applications for silicon wafer solar cells is presented. This Chapter concludes
with an outlook on potential modifications to luminescence-based characterization, and
motivations of how to use them.
1.2.1 Introduction to luminescence
Luminescence is defined as the emission of electromagnetic (EM) radiation from a mate-
rial in excess of thermal radiation. Luminescence is not related to thermal emission from
black-bodies. Luminescence is due to processes of energy exchange in a material due to
an external excitation. The term luminescence means weak-glow, sometimes also called
cold-glow, and was introduced by Wiedemann after observing a faint glow emitted by
materials excited by external means that did not increase in temperature [189, 190].
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Table 2: A summary of various kinds of luminescence, and their description.
Type Description
Photoluminescence produced by light absorption
Cathodoluminescence produced by accelerated particles
Electroluminescence produced by an applied electric field
Triboluminescence produced by mechanical force like grinding or vibration
Chemi- or bioluminescence produced by chemical reaction
The physical definition of luminescence as light emission in the absence of heating is
problematic, as it includes secondary transfer such as scattering or reflection. Definitions
proposed by Vavilov [191] focused on emission duration criteria to remove the inclusions
of reflection or scattering of light. Due to the indeterminacy and broad span of emission
durations across variable luminescence phenomena, luminescence was later defined to be
an association with elementary processes. To quote Galanin [192]:
Luminescence in the sense of an elementary process is spontaneous emis-
sion which takes place when all relaxation processes, with the exception of
electronic transition, have been completed and thermal quasi-equilibrium has
been established in the excited electronic state.
In silicon, and thus silicon wafers and silicon wafer solar cells, luminescence is light emis-
sion due to radiative recombination of electrical charge in the semiconductor material
[192–195].
1.2.2 Generation and detection of luminescence
Luminescence may be categorized according to the mode of excitation, as summarized
in Table 2. These excitation mechanisms summarize the control parameters for lumi-
nescence characterization. For non-destructive luminescence characterization of silicon
wafers and silicon wafer solar cells, electroluminescence and photoluminescence are fre-
quently used. For characterization, features of the luminescence must be measured.
Luminescence is light emission, or an electromagnetic oscillating field [196], and such a
field may be characterized by the properties [192, 194] summarized in Table 3.
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Table 3: A summary of various parameters which characterize luminescence, and their
description.
Type Description
Intensity the strength or amplitude of the electromagnetic field oscillation
Spectrum the frequency or period of the oscillation
Polarization the orientation of the fields of the oscillation
Coherence the phase or coherence properties of the oscillation
Dynamics the transient properties of the oscillation upon excitation
The intensity of broadband emission of luminescence from silicon wafer solar cells is
commonly measured in the luminescence imaging characterization technique [162, 197].
This quantity depends on a variety of variables and shows dependence on the excitation
mechanism, for example, the excitation wavelength [198, 199] and the external injection
source [200]. Luminescence spectroscopy is generally a common form of luminescence-
based characterization for semiconductors, especially for establishing energy levels in
semiconductors and the presence of defect energy levels within the energy bandgap of
a material [201]. The spectrum of luminescence emission from silicon wafer solar cells
has been studied in various works, for example [3, 4, 202, 203]. Measurement of an
absolute spectrum depends on the instrument measuring the light emission, as well as
sample parameters such as the effective diffusion length of the charge carriers, the doping
concentration, variations in the optical properties of a sample, as well as variations in
the junction voltage in the case of electroluminescence [197, 204].
Polarization of the emission is due to the orientation of the oscillators representing
the elemental process of emission [205–210]. The polarization of light emission at defects
in silicon is studied in this thesis in Section 6, and was published [5, 6]. The coherence or
phase of the luminescence is not usually studied in room temperature settings. However,
the absolute phase of the oscillation and its interaction with other waves may exhibit
interference, and reveal information on the relative order or disorder in the solid [211–
215]. For practical characterization and instrumentation, optical coherence phenomena
of silicon photovoltaic materials and devices may not be relevant for investigation.
Finally, the dynamics of luminescence directly relates to lifetimes of charge carriers
[216]. The dynamics of light emission may represent directly the lifetime of excited
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carriers in the material, with some unexpected results [217]. Luminescence may be long
lived or short lived, associated with the lifetime of charge carriers which recombine in
the material. Luminescence decay may be measured with reference in time at the point
in which an excitation is turned on or turned off.
1.2.3 A method for developing luminescence-based characterization
For luminescence-based characterization of photovoltaic materials or devices, measure-
ment of electromagnetic parameter(s) as listed in Table 3, and control parameter(s)
which used to interact with the sample as listed in Table 2, must be selected. Thus,
the application of luminescence imaging may be generalized to a control-and-response
analysis, where control parameters are selected among various external fields which may
be used to excite the material, or a combination of them. The control may be a variety
of external fields interacting with the sample individually, in sequence, or synchronously.
Subsequently, measurement of the luminescence characteristics may be performed, or a
combination of them. By gathering data including the sample parameters (assumed, or
previously measured), the response information, and the control information, one may
derive characteristics of the sample under investigation.
This generalization is illustrated in Figure 1.2.1. Note, the application of passive
fields which do not provide injection may still be considered. For example, the application
of magnetic fields to samples undergoing photoluminescence may give rise to information
on the metallic impurity contents of a sample, or structural information of the crystal
due to quenching of luminescence proportional to the concentration of metals within
the silicon [218–220]. Generally for luminescence characterization of silicon wafer solar
cells, the intensity or spectrum has been used for characterization [5, 162, 197] with the
common control method being the application of a forward-bias voltage, the use of an
infrared laser providing tens of Watts of optical power, or a combination thereof.
Multiple images and information may be obtained for various control-response mech-
anisms to derive results from the sample. More complicated uses of control measures may
reveal further characteristic features of the sample. Feeding this process iteratively may
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Figure 1.2.1: Control-response layout for luminescence characterization of silicon wafer
solar cells. The measured response can be in the form of five characteristics of lumines-
cence emission: intensity, spectrum, polarization, dynamics, and coherence. Generally
for luminescence characterization of silicon wafer solar cells the intensity or spectrum has
been used for characterization. The control may be a variety of external fields interacting
with the sample individually, in sequence, or synchronously.
be an engine to discover creative forms of luminescence-based characterization methods
for silicon wafer solar cells [221, 222].
1.2.4 History of luminescence imaging for gallium arsenide characterization
Luminescence imaging has a history in the semiconductor industry. Utilization of imag-
ing systems for characterization of large-area substrates has been performed for many
direct-bandgap semiconductor materials, and commonly for assessment of the quality
of a material [223]. The integrated circuit industry used this kind of characterization
extensively during the 80’s and 90’s [156, 224, 225]. These materials are precursors for
later electronic devices and so the determination of their defect density over the spatial
topography of the substrate was of interest. Generally, the assessment of defect con-
centrations can be used to classify the material by quality [226, 227]. This allows the
material to be scanned before being used for device fabrication.
Photoluminescence has been used to characterize gallium arsenide and other III-V
semiconductors [226–228]. Quenching of photoluminescence signals was observed due
to defects in gallium arsenide [229–231]. These early observations of photoluminescence
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signals were understood to correlate with band states, crystal dislocations [232], and de-
fect levels in the materials. Practical applications of luminescence imaging for substrate
quality assessment came slightly thereafter.
Gallium arsenide semiconductors were commonly characterized using cathodolumi-
nescence imaging by scanning the sample with a particle beam [155, 156, 233]. This
was used to check the quality of the semiconductor materials used for integrated circuit
manufacturing using the characteristics of the luminescence spectral emission [234], and
its intensity contrast [235, 236]. The quality of a semiconductor substrate can be quickly
evaluated using an imaging system by observing the relative uniformity of the image of
the material, thus requiring spatially-resolved imaging systems [237]. Doping, carrier
lifetime and deep level traps were investigated in gallium arsenide using luminescence
imaging [238]. Luminescence was also used to analyze interfaces of semiconductors [239].
One advantage of the luminescence imaging technique is the ability to use scanning or
imaging systems to obtain spatially resolved characteristics of the entire substrate, and
the ability of using the methods at room temperature [240]. As well, scanning is not
always necessary, making the method fast for characterization of large substrates when
an imaging camera is employed [241].
These features can be seen today in the applications of luminescence imaging of
silicon wafer solar cells and the silicon wafer substrates used to fabricate photovoltaic
devices [5, 197, 242]. It was the development of high-grade infrared cameras that allowed
the application of luminescence imaging to silicon materials [197] which has a lower
luminescence efficiency [243] than gallium arsenide due to its indirect bandgap.
1.3 History of luminescence imaging for silicon wafer material and
photovoltaic device characterization
The application of luminescence imaging to silicon wafer solar cells has developed rapidly
in recent years due to its convenience, speed, non-destructive nature, relatively low cost,
and simple instrumentation requirements. This non-destructive optical characterization
method has the potential to be used as a tool for development and processing of sili-
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con wafer solar cells, and is able to yield information not obtained easily through other
measurement methods [244]. It has been applied to acquire information such as carrier
transport properties [184, 216, 245–250], the distribution of defects in silicon wafer solar
cells [117, 136, 203, 251–257], for quantitative images of the lifetime of minority charge
carriers in silicon wafer solar cells [166, 167, 171, 173, 174, 179, 258–261], and the mea-
surement of local voltages of silicon wafer solar modules [182]. It has also been used to
enhance fabrication parameters by non-destructive characterization implemented along
with real time control of processing steps [116, 134, 262, 263]. This Section covers a
brief overview of progress in luminescence-based characterization of silicon wafer based
photovoltaic devices.
1.3.1 The spatial homogeneity of a silicon wafer solar cell
Figure 1.3.1 shows an electroluminescence image of a typical multicrystalline silicon
wafer solar cell. Dark and bright regions of the image reveal the defect topography of
the device, and the spatial inhomogeneity of the device’s performance characteristics.
In 1956, Chynoweth and McKay reported electroluminescence of a silicon pn
junction [264]. This was applied to diagnostics of integrated circuits by Khurana and
Chiang in 1986 [265]. Initially, the silicon wafer solar cell was thought to yield lumi-
nescence like any light emitting diode under a bias voltage, and that the luminescence
would be fairly uniform over the topography of the wafer, though weak since silicon has
an indirect band-gap [266]. Luminescence of crystalline silicon was studied previously,
mainly for the development of silicon emitters [243, 267–271] since this material may be
processed easily on a chip. In 2001 Green et al. studied light emission from silicon,
getting an efficiency of > 1% [272]. Such work has led to little practical application
for silicon emitters [244, 273]. Luminescence was, however, used to characterize the ab-
sorptivity of a silicon solar cell by Trupke et al. in 1998. Baeumler et al. discussed
luminescence imaging for semiconductor homogeneity measurements in 1999 [157].
In 2005 Fuyuki et al. are credited with the discovery that an electroluminescence
image of silicon wafer solar cells was not homogeneous [197]. Using a high-grade scien-
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Figure 1.3.1: An electroluminescence image of a multicrystalline silicon wafer solar cell.
Dark regions indicate low injection and thus defects in the solar cell. The nature of
these defects is not clear from such an image and further analysis must be performed to
identify the problem. This same cell is characterized in Figures 1.3.2, 4.2.4, and 6.1.2.
tific silicon charge coupled device as an imaging camera, dark and light regions of the
luminescence image of the cell were used to map defective regions of a silicon wafer solar
cell in a direct measurement of the homogeneity of the device performance. The discov-
ery showed it is possible to capture a large amount of information in a single, simple
measurement, imaging the entire area of the solar cell using a camera array. Fuyuki at-
tributed the measurement obtained to the diffusion length parameter [197]. In 2005 and
2006 Trupke et al. developed non-contact photoluminescence imaging for application
to silicon wafer and device inspection [162, 164, 274, 275]. These discoveries opened the
door to a flood of research on the subject, which also reflects the enthusiasm of many
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researchers for the high-growth solar energy industry7.
1.3.2 Measuring the electrical properties of a silicon wafer solar cell
Carrier transport of the solar cell, like that measured by Fuyuki et al., is a focal point for
luminescence-based characterization of solar cells; the lifetime τ , and diffusion length L
being important parameters governing photovoltaic device efficiency. In 2005 Trupke
et al. reported photoluminescence as a contact-less replacement for suns-VOC mea-
surements, where the intensity of photoluminescence was used to compute the carrier
transport properties of the device [274]. In 2006 Abbott reported on photolumines-
cence characterization for solar cell fabrication where the effective lifetime of carriers
was determined [262].
Bardos et al. showed that quasi-steady-state photoluminescence is unaffected by
the depletion region modulation effect which gives artificially high photo-conductance
lifetime measurements [275]. Trupke et al. studied photon reabsorption of luminescence
showing the luminescence spectra change due to the absorption spectrum of crystalline
silicon. Diffusion length imaging of silicon solar cells was improved from the method of
Fuyuki et al. by Wu¨rfel et al. by using photon reabsorption in silicon to develop
a ratio-based imaging technique [204] that may remove voltage dependences of an elec-
troluminescence image. This study developed the generalized Planck law [276–280] to
characterize silicon by its luminescence.
The determination of diffusion lengths using luminescence imaging was performed
by Giesecke et al. using photoluminescence, as well as Hinken et al. who removed the
dependence of the method to inhomogeneities of the optics, and proposed a measure-
ment using both electro- and photoluminescence. Giesecke also studied recombination
issues in silicon solar cells by modeling electro- and photoluminescence, suggesting ways
to separate bulk and surface recombination effects. In 2006 the advantages of photolu-
minescence techniques to in-line production of solar cells was described by Trupke et
7In 1985, annual solar installation demand was only 21 MW, while in 2009 photovoltaic installations
were 7.3 GW. It is estimated that solar energy demand has grown at about 30% per annum over the
past 15 years. Source: 2010 c©Solarbuzz
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al. [162, 163]. This presented the use of luminescence imaging tools to in-line silicon
wafer solar cell production, similarly proposed by Abbott et al. [262].
As well, the spatially resolved sheet resistance Rsh was measured by Isenberg et
al. in 2006, where infrared imaging using luminescence replaced the four-point-probe
method. Series resistance measurements were performed by Pink et al., Hinken et al.,
Figure 1.3.2: Quantitative series resistance image of a multicrystalline silicon wafer
solar cell with the scale bar in Ohms per square centimeter. This is the same cell
from Figure 1.3.1. The series resistance is generated using electroluminescence and
photoluminescence to record open and closed circuit behavior of the cell, and so allow the
determination of the series resistance at points on the cell. The same cell is characterized
in Figures 1.3.1, 4.2.4, and 6.1.2.
and Trupke et al. [166, 167, 171] citing the advantages of luminescence imaging over
other methods, such as Corescan [281], while developing separate quantitative methods.
In Figure 1.3.2 a series resistance image of a multicrystalline silicon wafer solar cell
made at the Solar Energy Research Institute of Singapore is shown. Series resistance
imaging was studied also by Haunschild et al., Glaathaar et al., and Breitenstein
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et al. proposed iterative methods for quantitative measurement of the series resistance
[179, 261, 282, 283]. Series resistance imaging was again explored by both Giesecke et
al. and Kampwerth et al. who proposed iterative methods for Rs imaging [173, 174,
284]. Other studies on series resistances have developed the method based on differential
voltages, or combined photo- and electroluminescence [166, 167, 179, 259, 260].
In 2007 Rau et al. published a theoretical study focusing on connecting the electro-
luminescence of solar cells to their quantum efficiencies through the reciprocity relations
[285], a particular revision of theoretical models developed nearly a decade previously by
the same author [286]. The path-length enhancement factor of a solar cell was measured
using luminescence applying the reciprocity relationships by Kirchartz et al. [287].
Bruggemann et al. explored the theoretical limitations of the ideal diode model used
for luminescence imaging [288].
Herlufsen et al. performed a photoluminescence-based lifetime imaging experiment
on a solar cell calibrated with a photo-conductance signal to get absolute values of the
excess carrier density in the device. Lifetime imaging was also revisited by Ru¨diger
et al. where the photon absorption of photoluminescence was used to obtain corrected
lifetime values [248].
1.3.3 Identification of defects in solar cells
During 2007, studies of defects in solar cells were advanced using luminescence imaging
by Sugimoto et al. who performed a detailed experiment of luminescence from grain
boundaries interpreted alongside structural information, and separately, defects after a
hydrofluoric acid etch probed by photoluminescence [169, 252]. As well, Stokkan et
al. modeled the effect of dislocations and grain boundaries of multi-crystalline silicon
on lifetime measurements [289]. Also, shunted regions of solar cells were detected using
the luminescence imaging method by Abbott et al. [116].
Breitenstein et al. and others [258, 290, 291] studied shunted regions in solar
cells combining lock-in thermography (LIT) [292] with photo- and electroluminescence,
and showed that shunted regions of the cell can be weakly detected [117, 172, 253].
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These shunts commonly occur close to screen printed contacts [293], and to laser scribed
regions [294]. This allowed detection of pre-breakdown sites [264] in solar cells, which
is important as these defects may cause photovoltaic module destruction and sometimes
ignite fires, which was studied by Alonso-Garcia et al. [295–297]. Reverse-biasing of
solar cells, initially performed by Dreckschmidt et al. in 2007, and observed to yield
luminescence [298], was also an area of study for characterization of defects in the solar
cells.
Reverse-bias luminescence is known to be correlated to defects in solar cells, and
was studied by Usami et al. in 2008 [299], among others. Breitenstein et al. used
three different types of lock-in thermography to understand pre-breakdown mechanism
in solar cells [253]. Parameters were measured by these methods to generate a model
that is useful in detecting a pre-breakdown region based on impact ionization processes.
Breitenstein et al. also studied electron transport and defects in solar cells using
luminescence and electron beam induced current measurements [300].
Impurities of metals in silicon wafer solar cells were studied by MacDonald et al.,
where iron imaging was done using a strong laser to dissociate iron-boron pairs, while
two images were then used to find the concentration of iron in the solar cell [176]. Sub-
bandgap luminescence was imaged by Dreckschmidt et al., showing defects occurring
with luminescence energies within the bandgap of silicon [257].
Kasemann et al. performed luminescence imaging again for the detection of local
shunts, where voltage drops over the surrounding series resistances were profiled through
the luminescence intensity [175], and presented detailed summaries of infrared detection
methods for solar cell characterization [301]. Trupke et al. performed shunt measure-
ments as well, and discussed its use for in-line applications, where a laser may be used
to neutralize defective regions of the solar cell.
The reverse-bias imaging technique was advanced by Kitiyanan et al., Bothe et
al., and Kwapil et al. [177, 255, 302] in a series of articles, illustrating the importance
of the reverse-bias imaging for the detection of different kinds of defects in silicon wafer
solar cells, and focusing on the impact ionization model. For example, Figure 4.2.4
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shows defects in a multicrystalline silicon wafer solar cell obtained from a reverse-bias
electroluminescence image.
Bauer et al. showed that etch pits in solar cells are typically located near regions
where breakdown of the solar cell occurs [115], which may lead to the observation that
silver paste can burn the pn junction at a defective region of a solar cell. In studies pre-
sented in Sections 4.2 and 4.3, reverse-bias and sub-bandgap luminescence from defects
in solar cells are compared, showing that both techniques may identify different kinds
of defects [1, 303]. Fuyuki et al. applied electroluminescence to distinguish extrinsic
defects (scratches or cracks) to intrinsic defects (intrinsic material properties like minor-
ity carrier diffusion length, or lifetime), by applying luminescence imaging at different
temperatures [304].
1.4 Advancing luminescence-based characterization of silicon wafer ma-
terials and devices
Long-term cost reductions are necessary for commercial photovoltaic energy generation
worldwide. Cost reductions can be of the form of creating more efficient devices, achiev-
ing the same production cost as a less efficient one, or by using lesser quality materials
adapted so that the impact of the lower quality does not affect the device efficiency. This
is an important focus of research, since achieving an optimal performance per dollar of
investment (in property, plant, equipment for manufacturing, etc.) is the ultimate goal
for the photovoltaic industry8. Characterization methods coupled to the production of
solar cells is one way that these required cost reductions can be achieved.
Quantitative measurement in a non-destructive manner for determination of the elec-
trical or carrier transport properties of silicon wafer solar cells, and classification, iden-
tification and detection of defects, makes up a large portion of this research. Accessing
spatially-resolved series resistances, lifetimes, diffusion lengths, and shunt resistances
can allow a silicon wafer solar cell manufacturer to identify problems in their fabrication
8This commercial development of solar cells contrasts to solar cells developed, for example, for the
international space station, where so-called ’space-cells’ must achieve high efficiencies while disregarding
the cost, since the area available on the international space station is acutely limited.
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procedures. Characterization of defects in silicon wafer solar cells, where crystal defects
like grain boundaries or metal impurities are imaged, will allow producers to better
understand the impact of defects and their origin in the silicon substrates.
Such measurements should ideally become applicable to in-line application so that
they may be used to generate information for an automated processing line. In-line char-
acterization [134] monitors the production of solar cells. This form of characterization
has potential to reduce the cost of processing solar cells, and to provide information for an
additional control mechanism for optimization of the devices. This allows dynamic pro-
cessing whereby a characteristic result may enable an optimization procedure, or whereby
a defective device can be detected and removed from production. Luminescence-based
characterization has the potential to lower the cost to produce photovoltaic devices,
and provide in-line applications for production optimization using this non-destructive
characterization method.
From an overview of the current literature, and the generalization for designing
luminescence-based characterization as summarized by Figure 1.2.1, the measurement of
different optical parameters may be investigated for the advancement of the luminescence
imaging technique for silicon wafer solar cells. Currently, the intensity of luminescence
is frequently employed for device characterization. Studying the polarization of lumines-
cence may yield information on structural defects due to anisotropy within the material
which may be associated with material defects in silicon, which is discussed further in
Section 2.4. Hyperspectral imaging instruments may allow spatially-resolved character-
ization for imaging applications which may retain the entire luminescence spectrum at
each point on a device, which is discussed further in Section 2.3. The applications of
the modified luminescence imaging instruments to detect, identify, and locate defects
in silicon wafer solar cells, and to quantify the carrier transport properties of these de-
vices, will be investigated. The instruments developed for these studies are presented in
Section 3.
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2 Modeling light emission from silicon
This Section includes a review of optics relevant to silicon. More information may be
found in the optics literature [305–308], and in literature covering the optical properties
of solids [195, 209, 210, 309]. Luminescence from the first indirect bandgap of silicon
occurs at wavelengths of 850− 1250nm at room temperature, or 1.4586 to 0.9919 eV .
2.1 Light and optics
Luminescence is governed by the physics of electromagnetic fields. Light is an electro-
magnetic oscillation which travels at speed c having transverse oscillations of frequency
f and wavelength λ, which obey the universal wave equation c = fλ in vacuum [307].
In a material, the refractive index n determines the speed of light as
c/n = ωλ (2.1.1)
for angular frequency ω = 2pif . In a material, the speed c/n changes inversely with the
refractive index, and the right side of Equation 2.1.1 must as well. Frequencies do not
change in the material. This preserves the continuity of field lines of the electromagnetic
radiation at the boundaries of the material. Wavelengths are reduced in the material by
inverse proportion to the refractive index as
λ = λ0/n (λ0) (2.1.2)
Table 4: Optical properties of crystalline silicon at room temperature [310].
Property Symbol Quantity
Radiative recombination coefficient B 1.1×10−14cm3/s
Absorption coefficient α see Fig. 2.2.3
Dielectric constant  11.7
Average infrared refractive index <(n) 3.42
Reflectivity R ≈ 30%
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where λ0 is the wavelength in vacuum. The wavelength is associated with the photon
momentum p by p = h¯k, where k = 2pi/λ is the wavenumber. The energy E of the
photon is E = h¯ω, associated with the frequency ω.
The complex index of refraction is n∗ (λ). Refractive indices are wavelength depen-
dent, and so
n∗ (λ) = n (λ) + iκ (λ) . (2.1.3)
In this Equation, n (λ) determines the speed of light in the media, as well as refraction
[305, 311]. κ (λ) is the imaginary part of n∗ (λ), also called the extinction coefficient
which is related to the absorption coefficient as α = 2ωκ/c, and determines the amount
of absorption of a particular wavelength [312, 313].
Substituting Equation 2.1.3 into a electromagnetic plane wave traveling along direc-
tion z with time t gives
E(z, t) = <(E0eı(k∗z−ωt)) (2.1.4)
= <(E0eı(2pi(n(λ)+ıκ(λ))z/λ0−ωt)) (2.1.5)
= e−2piκ(λ)z/λ0<(E0eı2pi(kz−ωt). (2.1.6)
This Equation represents an exponential decay due to the extinction coefficient κ =
cα/2ω, and an oscillating plane wave.
2.2 Optical properties of silicon
The optical properties of silicon at room temperature are summarized in Table 4. Silicon
is transparent to infrared light above its bandgap [310, 314] (unless it includes defects
or is heavily doped), and exhibits an index of refraction with an average of ≈ 3.4 [315].
Silicon acts as an absorbing semiconductor in the visible and near infrared range above an
energy of ≈ 1.1 eV . Silicon has a reflectivity of about 30% at 1000nm [316, 317]. Silicon
emits luminescence weakly, as it is an indirect semiconductor [268–270, 318]. Bulk silicon
is essentially optically isotropic, however, porous silicon, a structured material, has rich
optical properties [319, 320]. Defects in the silicon crystal form anisotropic structures
32
Figure 2.2.1: The refractive index of silicon with respect to the wavelength in nm.
The imaginary term shows strong absorption in the blue range of the spectrum. The
real part shows the refraction to be nearly constant over the luminescence spectrum of
≈ 850− 1250nm.
leading to effects such as birefringence in the infrared spectrum of light [321–328]. The
luminescence emitted inside material silicon will refract at the surface of the silicon-air
boundary, or be internally reflected from this boundary. The luminescence will also be
reabsorbed by the silicon while it travels in the material.
2.2.1 Refractive index of silicon
Refractive indices are measured and tabulated in multi-pole expansions. The Sellmeier
equation, which is derived from the optical dispersion relationship, is used to recon-
struct the wavelength dependence of the refractive index [329]. Sellmeier equations are
temperature dependent [330–332]. The Sellmeier equation gives a solution for the real
part of the refractive index, and has been determined for silicon by Lukes, and others
[333–335]. The Sellmeier equation [336] for silicon is
n2(λ) = 1 +
C1λ
2








(λ2 − C26 )
(2.2.1)
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in three pole form, with constants C1 to C6 as shown in Table 5.
2.2.2 Reflectivity of silicon
Reflection at a boundary is governed by the Fresnel equations [305, 307]. The Snell law
expresses the incidence angle θi and transmission angle θt as a ratio of the refractive
indexes as
ni sin(θi) = nt sin(θt), (2.2.2)
with ni,t the real refractive index of the material of the incident or transmitted ray,
respectively. Similarly, the angles θi,t are incident and transmitted angles in the material
at the incident and transmitted layers, respectively.
Considering the emission of luminescence from silicon, the incident ray is withing
silicon, while the transmitted ray is in air. Since in this case ni > nt, there is a range of
angles for which the light is totally internally reflected in the silicon (see Figure 2.2.2).









. The Fresnel equations for refraction are
r2⊥ =
(
ni cos(θi)− nt cos(θt)




Figure 2.2.2: The internal reflection in silicon is shown with respect to the angle of
incidence of a light ray on the boundary of silicon and air. This is plotted for the
peak wavelength of the luminescence spectra. The reflectivity is mainly constant with
the wavelengths in the bandwidth of luminescence emission from silicon derived from
equations 2.2.5 and 2.2.4.











































Total internal reflection occurs for incidence angles larger than approximately 20◦ (see
Figure 2.2.2) in silicon. Texturing of silicon may enhance the total light trapping effect,
which should be considered when modeling the reabsorption of luminescence.
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Figure 2.2.3: Absorption of light in silicon with respect to the wavelength. The wave-
length on the lower axis is written in nanometers (nm). The absorption function is
monotonic across the visible to infrared region of the spectrum. The luminescence band-
width is marked by the yellow bar. This bandwidth will be reabsorbed in the silicon.
2.2.3 Absorptivity of silicon
The absorption of silicon has been studied in many works [337–341], including wave-
lengths near the indirect bandgap [342], and especially to account for absorption of the
spectrum of sunlight. Silicon absorptivity coefficients have been accurately measured
for the range of wavelengths covering the solar spectrum, including it’s dependence on
the temperature of the material [343, 344], and the doping level [345]. Notably, for
luminescence-based characterization, the absorption must be quantified over the band-
width of emitted luminescence to account for reabsorption [192]. We may assume that
characterization of the photovoltaic devices is performed at room temperature (≈ 25◦C).
The reabsorption effect generally shifts the emission spectrum, since the emitted light is
absorbed in the material.
In Figure 2.2.3 the absorption coefficient is plotted over the range of light emission
from silicon. The bandwidth of luminescence emission from silicon is shown as a yellow
bar. The silicon emission peaks at about 1150nm, and spans a range of approximately
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850 − 1250nm. A standard silicon wafer for photovoltaic device fabrication is about
170 to 230µm thick. The absorption depth 1/α of luminescence is on the order of
the cell thickness at about 980nm. This means that below this wavelength, significant
reabsorption occurs. Thus, from wavelengths of 850nm to 980nm, strong changes in
the reabsorption may be detected. Wavelengths above 980nm will escape the solar cell.
Wavelengths from 980 − 1250nm have increasingly longer penetration depths. At the
edge of the luminescence emission band, 1250nm will penetrate ≈ 50 times a standard
cell thickness. At the peak luminescence wavelength of 1150nm, light will penetrate
≈ 5 standard cell thicknesses. Due to the large differences in absorption of light over
the luminescence emission bandwidth from silicon, strong differences may be observed
in the emission of light from silicon when observing various spectral bands, especially
comparing bands above or below the common thickness of a silicon device.
2.3 The generalized Planck law of luminescence
The emission of light from hot materials is modeled after the Planck law of blackbody
radiation (see Equation 1.1.9). By the definition of luminescence in Section 1.2, lumi-
nescence is light emission in the absence of heat, and is related to electronic processes
leading to optical emission, which are discussed further in Section 2.4.
In the 1980s, Peter Wu¨rfel developed the generalized Planck law for semiconduc-







where jγ is a spontaneous photon flux of energy h¯ω, α is the material absorption coef-
ficient, kB is the Boltzmann constant, T is the temperature, Ω is a solid angle which
receives the emission, and Dγ is the density of states for photons in the medium, and
cγ = c0/n is the speed of light in the medium. Comparing Equation 2.3.1 to the Planck
law of Equation 1.1.9, we see the difference as the introduction of the chemical potential
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term µ, dependent upon the difference in the quasi-Fermi energy levels as
µ = EFC − EFV , (2.3.2)
where C and V labels the conduction and valence band [276–280, 346]. This was verified
experimentally for both direct and indirect-band luminescence [279, 280] in the early
1990s.
The universal wave equation states 2pic = ωλ, or ω = 2pic/λ. Taking a derivative, and
multiplying by Planck’s constant gives d (h¯ω) = −2pih¯c
λ2
dλ. The differential relationship
∂jγ(ω)∂ω = ∂jγ(λ)∂λ may then be used to convert the luminescence flux derived from
the generalized Planck law between units of wavelength or frequency.
2.3.1 The classical spectrum of luminescence emission
Using the generalized Planck law, the luminescence flux from a silicon wafer solar cell
may be computed. The photon flux from the material is dependent on the amount of
reflection R at the upper surface of the solar cell, and the integral over the pathlength of
photons which are generated in the material. The integration accounts for reabsorption
of photons in the silicon. The flux can be written as
∂jγ
∂ (h¯ω)





e−α(λ)z +Rre−α(λ)(2d−z) · · ·
]
dz (2.3.3)
where the series of terms in the integral accounts for multiple reflections in the sample.
Rf/r is the front/rear surface reflectivity, gγ(z) is the generation rate of photons at
a depth z from the top of the sample, and other terms are previously defined. The
angular dependence of the reflection is ignored, and will be discussed in Section 2.3.6.
From Equation 2.3.3, the parameters for silicon as presented in Section 2 are used to
compute the spectral flux of luminescence emission from a silicon wafer solar cell, under
certain boundary conditions. These conditions are treated for two cases below.
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2.3.2 Effect of instrumentation on the measured luminescence
The instrument which measures the luminescence signal will have a spectral response.
This spectral response depends on the transmission of light in the optical elements in
the instrument, as well as the quantum efficiency of the sensor. These effects can be
summarized in a spectrally dependent instrument function F I . The instrument function
is
F I (h¯ω) = QE (h¯ω)T I (h¯ω) (2.3.4)
where QE is the quantum efficiency of the camera (its response function) and T I(h¯ω)
is the transmission of light through the entire instrument, including all optical elements
such as lenses and filters. This function can equally be represented in wavelengths by
suitably substituting h¯ω for λ.
Two fabricated sensors of the same type will not necessarily have the same quan-
tum efficiency curves due to fluctuations in manufacturing parameters, and a non-zero
production variance. This is especially true near the edge of the detection ranges of the
sensor approaching the fundamental edge of the semiconductor sensor. Unfortunately,
the indirect bandgap of silicon gives luminescence which spans over both the detection
edges of the common silicon sensor, as well as the common indium gallium arsenide sen-
sor. Germanium sensors have a quantum efficiency spanning the range of luminescence
emission from silicon’s indirect bandgap, but are difficult to manufacture as an imaging
array.
2.3.3 Excess carrier concentration
The starting point for modeling luminescence is to solve a differential equation based
on the generation rate of luminescence photons due to a photo-excitation or voltage-
excitation, assuming steady state injection. Then, the distribution of photons generated
in the material can be found. The distribution of excess carriers in the solar cell is
different in the case of photo or electrical excitation [347]. The carrier concentration due
to photo-excitation involves the spectral dependence of the absorption coefficient of the
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material [348], while the electro-excitation involves the splitting of the Fermi levels due
to carrier injection across the pn junction.
Luminescence from the silicon wafer solar cell can be described by considering excess
minority carrier electrons radiatively recombining with majority holes in the p-type
material [349]. Approximately, the rate of recombination can then be expressed from
the excess carrier concentration of electrons and the density of holes. This formalism
substitutes the quasi-Fermi level analysis from the application of the Planck law, giving
a generation rate gγ(z) of luminescent photons [204]. The concentrations are assumed
to be uniform in the lateral dimension of the solar cell, so that the depth is the only
spatial variable which must be accounted for.
Photon emission is governed by the laws stating the rates of spontaneous radiative
recombination of excited charge carriers by the generalized Planck relation [276–280, 346]
which may be written as




e(h¯ω−µ(z))/kT − 1 . (2.3.5)
For p-type silicon, assuming low-injection [60, Chapter 9.5, pp. 266-267] and total ion-
ization of the acceptors, this equates to a minority of electrons ∆n = ne recombining
with the majority carrier holes in the valence band. The majority carrier concentration
is approximately equal to the doping density NA in low injection. The approximation











results in this case. Here, α is the absorption coefficient of silicon, and the other terms
are standard physical constants. The chemical potential term µ is substituted in this
approximation by the electron and hole recombination rate in the base of the cell, consid-
ered to be approximately equal to the concentration of the recombining excess carriers,
and the acceptor concentration at low injection [204].
From Equation 2.3.6, the governing parameter for luminescence is the excess minor-
ity carrier concentration ∆n describing the density of excited minority carrier electrons
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which will radiatively recombine in the material, resulting in luminescence emission.
These carriers have a concentration profile which is dependent upon their diffusion into
the depth of the solar cell. The distribution of excess minority carriers must be deter-
mined as a function of the depth in the solar cell before the integral of Equation 2.3.3
is performed. The diffusion length can be seen as a dominant parameter affecting the
luminescence intensity [197]. In this consideration, the density of electrons in the p
side of the cell supplied from the pn junction decreases exponentially with the effective
diffusion length parameter as
n(z) = n0e
−z/Le . (2.3.7)
The effective diffusion length can account for the parameters such as recombination due
to defects, impurities, and recombination at the rear surface, for example.
Note that the depletion region of a solar cell is close to the top surface of the material,
and so integration through the sample thickness gives approximately the integration of
the carrier concentration profile, and the generation of photons from the solar cell [284].
Moreover, the thickness of the emitter region is assumed to be small compared to the
absorption length 1/α. Thus, in the n type layer the contribution to luminescence
emission is negligible compared to that from the p type region.
This formalism is approximate, equating luminescence intensities to the excess carrier
concentration which may recombine radiatively, and in turn to the effective diffusion
length [197, 304]. However, the generation rate may be used to retain the junction
voltage which will effect the luminescence intensity strongly due to the exponential
relationship of the emission to the applied voltage when operated as a light emitting
diode [204, 304]. This generation rate may also allow the inclusion of a excess carrier
concentration profile due to absorption of radiation in the case of photoluminescence.
2.3.4 Solving electroluminescence boundary conditions
The solution for the electroluminescence spectrum of a particular sample is obtained
using the generalized Planck law by integrating the emission spectrum over the thickness
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of the p type region of the solar cell to account for reabsorption (see Equation 2.3.3).
Since the silicon material emits primarily via the indirect bandgap, photon recycling
does not saturate the emission which would make the spectrum independent of the
reabsorption, since reabsorption of a photon from the primary optical emission does not
frequently lead to another optical recombination event. Thus, the depth at which the
photon originates in the cell is retained.
Here a formalism proposed by Wu¨rfel [204] is used where the injection of carriers
is treated by assuming the pn junction supplies carriers, but is very close to the front
surface of the solar cell. In this case, the thickness of the emitter is negligible. The
excess minority carrier concentration is solved using the boundary conditions with the
front surface of the solar cell (i.e. the boundary of the n and p region at the pn junction
facing into the base of the solar cell) having a concentration determined by an applied
voltage Va, and the rear surface of the solar cell having a concentration dependent upon
the rear surface recombination Sr. A p-type silicon wafer is assumed.
The probability of a photon emission at a location in the solar cell can be calculated
from the generation rate in Equation 2.3.6. As noted in Section 2.3.3, the n type region
provides a negligible amount of radiative recombination compared to the p type region,
and is very thin. Thus, this region is ignored and the spatial integral may be performed
by integrating over the thickness of the solar cell. Electroluminescence results in a













The boundary condition at the rear assumes injected carriers obey Srne (d) = −De dnedx (d)
where Sr is the rear surface recombination velocity, d is the cell thickness, and Le =
√
Deτe relates the diffusion length, lifetime, and diffusivity by the Einstein relation.
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Assuming the paraxial approximation and an untextured surface so that photons are
detected by the camera along a line normal to the samples surfaces, the angular emission
of photons is ignored, and integration is applied through the cell depth along z.
Using Equation 2.3.3, and accounting for photons either transmitted through the
upper surface of the sample without reflection, or photons originating in the sample,
reflecting off the rear then being transmitted through the upper surface, the detected
photon count rate may be determined. The detected rate will be dependent on the
emitted rate of Equation 2.3.3 for
djγ,emitted








Substitution of Equation 2.3.6 and integration are then performed. The excess carrier
concentration profile is solved at a depth z. The solution is
ne (z) = Ae
z/Le +Be−z/Le (2.3.11)
where A = ne(0)r
−
r−+r+e2d/Ld
and B = ne(0)r
+
r++r−e−2d/Ld
. The parameters are defined as r± = 1±r,













Upon substitution of the solutions into the integral, and subsequent expansion of the
terms, a number of integrals result. The following equations summarize the results of
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−2dα(λ) (ed(α(λ)−1/Le) − 1)
Leα(λ) + 1
. (2.3.17)
which can be substituted to obtain the analytical solution of the electroluminescence






















To consider the solid angle Ω of a cone with apex angle 2θ, the area as a spherical cap
on a unit sphere is
Ω = 2pi(1− cos θ) (2.3.19)
which assumes a Lambertian emission of light. By setting θ = 90◦ the solution Ω = 2pi
results, representing emission into a half sphere above the solar cell, as presented in
Equation 2.3.18.
This solution gives an emission flux depending on the applied voltage to the solar
cell, where the density of minority carriers into the base of the solar cell decreases
exponentially with the diffusion length. The diffusion length for a high performance
solar cell is larger than the thickness of the solar cell (≈ 170 − 230µm). Thus, taking
the generation rate gγ out of the integral is appropriate when a low defect density is
assumed, or when the diffusion length is large enough to allow generation of photons
uniformly across the thickness of the solar cell. For large defect densities the excess
minority carrier distribution is retained in the integral (via the generation rate as a
function of depth in the solar cell).
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To summarize, the solution of the electroluminescence flux shown in Equation 2.3.18
has assumed the low injection condition, that the emitter is negligible in thickness com-
pared to the base of the solar cell, and that the light emission is observed under the
paraxial approximation [305] and with negligible refraction at the upper surface of the
solar cell. The distribution of the photons is solved from the distribution of the minority
carriers at depth z in the silicon wafer solar cell, while the density of photons in the
depth of the solar cell result from the recombination of excess minority carrier electrons,
and majority carrier acceptors. The photons generated are integrated over their path in
the silicon, ignoring the thin n-type region, to account for reabsorption.
2.3.5 Solving photoluminescence boundary conditions
The intensity or spectrum of photoluminescence may be derived by integrating radiative
recombination events distributed through the thickness of the silicon sample, similarly
to the case of electroluminescence. Again, the distribution of the electrons and holes
which recombine in the material may be evaluated to determine the generation rate of
photons, depending on the depth z in the silicon. The photons will travel through a path
in the silicon, will be transmitted through the front surface of the material, and will be
detected by a instrument including a camera, having a response function as represented
by Equation 2.3.4.
In this Section, the treatment assumes a p-type silicon wafer or block, however a pn
junction is not introduced at the upper surface of the wafer. This means that the surface
recombination velocity is used to determine boundary conditions at both the front and
rear of the p-type silicon. The generation rate gγ(z) of photons depends ion the case of
photoluminescence on the wavelength of light used to excite electron minority carriers
into the conduction band [353, 354] and the absorption coefficient α(λ) (see Figure 2.2.3).
With photoluminescence, the excitation wavelength can be used to control the injection
profile in the depth of the material [348].
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The continuity equation for minority carriers in the p type silicon is
∂ne
∂t
= (1−Rf (λ)) jγ,incα(λ)e−α(λ)z − ne/τe −∇ · je = 0 (2.3.20)
stating that the flow of current and the recombination of the carriers is balanced in steady
state by the generation rate. τe is the lifetime of the injected electrons. In this equation,
the power of the laser incident on the sample used to excite carriers is quantified using
a flux jγ,inc. The generation rate of excess carriers is
(1−Rf (λ)) jγ,incα (λ) e−α(λ)z (2.3.21)
for a particular excitation wavelength λ, where z is the depth in the cell [31]. This
accounts for the absorption of the laser light incident on the solar cell, as well as the
laser light that is reflected from the top surface of the solar cell.
The charge flow can be represented using the diffusion constant as ∇ · je = −De dnedz .
In steady state the generation and annihilation rates are identical. The result is a
homogeneous differential equation






The differential equation has a general solution written as
ne (z) = Ae
z/Le +Be−z/Le + Ce−α(λ)z. (2.3.23)
With z = 0 at the upper surface of the p-type material, boundary conditions can be
written for the surface recombination velocities at the front and rear as Sf/r, and the
excess carrier concentration can be solved at the two boundaries (which are z = 0 and
z = d) to give De
dne
dz (0/d) = Sf/rne (0/d).
Substitution of Equation 2.3.23 into Equation 2.3.20 introduces the terms A, B, and
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r+r (α (λ)Le + rr) e
2d/Le − r−f (α (λ)Le − rr) e(1−α(λ)Le)d/Le
r−r r−f − r+r r+f e2d/Le
(2.3.25)
C = (1−R(λ))jγ,inc α (λ) τe
1− (Leαa)2
(2.3.26)
where the terms rr/f and r
±
r/f are defined as rr/f = LeSr/f/De and r
±
r/f = 1±LeSr/f/De.
The absorption must be distinguished as applied to the laser excitation (generation)
or luminescence reabsorption, and so αa = α(λa) where λa is the wavelength of the
excitation laser, and αre(λ) is reabsorption of the luminescence of wavelength λ. The
optical generation profile must then be integrated over the depth of the material to
account for reabsorption, and subsequently integrated over emission wavelengths.







































The solution representing the luminescence intensity I then becomes
I = Apixel
∫












where the area of a pixel on the camera is Apixel and the solid angle determined from
the geometry of the imaging lens to a point on the object being imaged is Ω. The solid
angle Ω can be found using Equation 2.3.19. When the diffusion length of the carriers is
large compared to the thickness of the solar cell, the diffusion of carriers in the material
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gives rise to a nearly uniform photon generation rate, independent of the depth.
In a processed silicon wafer solar cell the pn junction will impose a highly doped
emitter region at the upper surface, which will result in Auger recombination [58]. This
will modify the boundary condition at the upper surface. The recombination at the pn
junction region will be effected due to the highly doping silicon surface [356, 357]. In
this case, an effective surface recombination velocity can be introduced to describe the
recombination in the emitter of the solar cell based on the modification of the boundary
conditions of the above formalism.
2.3.6 Solving reabsorption of luminescence of a planar cell
Until now, the angular dependence θ of the luminescence paths in the silicon were ig-
nored by using a paraxial approximation9 [358, pp.1920], and assuming the sample was
planar. Multiple reflections in the planar cell lead to an enhanced pathlength and total
reabsorption of the luminescence in the silicon.
The front and rear surfaces have a reflectivity of Rf (θ) and Rr (θ), respectively, at
incidence angle θ from the surface normal. Since the cell is assumed planar, all the rays
propagating internally run normal to the surfaces of the wafer because no refracted light
would be observed in the paraxial approximation. The angular dependence of reflection
and transmission can thus be ignored (i.e. ∀R (θ)→ R).
Figure 2.3.1 illustrates the propagation of rays (the angles are in fact zero, measured
from the surface normal, but were tilted for illustration purposes). Many reflections may
occur in the cell before light is transmitted through the upper surface. Reabsorption is
equated to the average of the sum of paths the luminescence travels in the silicon. Paths
undergo even or odd numbers of reflection (see Figure 2.3.1) before being transmitted
through the cell with probability (1−Rf ). The planar sample has a thickness d. Reab-
sorption depends on the wavelength λ, the depth of origin of the photon z as A (λ, z),
and by e−α(λ)z for a pathlength z in the silicon.
9This assumes that the working distance of the camera lens is large compared to the field of view of
the camera so that the rays collected are propagating normal to the upper surface of the wafer or cell.
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−α(λ)(6d−z) · · ·
(2.3.31)











− eα(λ)z/Rf . (2.3.32)
























which is valid when |RfRre−α(λ)(2d)| < 1. Both Rf/r < 1, and e−α(2d) < 1 since α2d
is a positive number. Thus, the constraint is satisfied. Rf/r is the reflectivity at the
front/rear assuming the angular dependence is ignored.
Substituting Equation 2.3.34 into the series, the reabsorption becomes








− eα(λ)z/Rf . (2.3.35)
Defining b = 1−RfRre−α(λ)2d gives



























Figure 2.3.1: An optical recombination event at depth z in the sample yields lumines-
cence that may traverse an even or odd number of reflections. In one, it will reflect from
the back and undergo reflections until it is transmitted. Conversely, it may begin by
being reflected at the front surface. Luminescence is detected in the paraxial approxi-
mation assuming a planar wafer so that the rays are perpendicular to the surface. Rays
are drawn with angles for illustration purposes only.
If gγ may be pulled from the integral of Equation 2.3.3, the integral of Equation 2.3.36
evaluates analytically to give an effective absorption over the cell depth [346].
The reabsorption depends on the number of reflections which occur within the cell,
as well as the absorption coefficient. Within the approximation that all rays run paraxial
to the top surface a simplified solutions exists. However, texturing of silicon surfaces will
lead to scattering, refraction, and various reflections including total internal reflection
for incidences on the cell boundary of angles greater than about 20◦. The lumines-
cence spectrum will undergo more reabsorption in a textured silicon material than that
predicted by Equation 2.3.36. This suggests that methods assuming a specific spectral
flux as computed for planar samples may require a larger reabsorption mechanism when
applied to a textured sample. A calibration procedure that uses an independent mea-
surement of the optical properties of a known textured sample may alternatively allow
a method to work, if absolute values of the emitted spectral flux are not being provided
theoretically [3].
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2.3.7 Reabsorption of luminescence in textured wafers
Phenomenologically, a pathlength factor increase which multiplies the pathlength ob-
tained from the analytical solution of the planar cell could be solved for various textures
and applied to modify the computed spectral flux of luminescence from the assumed
planar case, which can be solved analytically. For multicrystalline silicon, the texture
process generates a random silicon surface [359–361] with undefined surface geometry.
However, for monocrystalline silicon textures, analytical solutions may be found nu-
merically. Figure 2.3.2 shows a textured monocrystalline silicon wafer and various ray
paths. Internal reflections have an angle of incidence equal to the angle of reflection
from the normal at a point on a surface inside the solar cell (i.e. it may be assumed that
there is no scattering of light). As light exits the solar cell, refraction occurs governed
by Snell’s law or the Fresnel Equations 2.2.2. Rays normal to the outer surface of the
sample are constrained to 0◦ in the paraxial approximation, and represent the detected
luminescence.
To simulate the problem, light rays may be traced from the camera at normal to
the average plane of the solar cell, and solved for refraction using the geometry of the
surface texture [362]. This will lead various angles which contribute to detection at the
camera, and the average pathlength may be found. The first order will give a term
as d/cos(θ) where the angle θ can be integrated over an acceptance cone established
by the refraction of light at the silicon-air boundary. However, higher order terms will
result in the simulation. The drawing of Figure 2.3.2 indicates that many ray paths
will be trapped inside the solar cell, as is intended in the design of a highly optimized
photovoltaic device.
Taking the absorption depth as a fraction of the cell thickness d, the number of
reflections internal to the sample for the bandwidth of emission may be limited using
an upper range (or using a limit which is chosen for each specific wavelength of the
numerical computation) as dα. Of second consideration is the reflectivity of the silicon-
air boundary. Assuming that on average the reflectivity of this boundary is R ≈ 0.70,
during multiple reflections of light rays which have a large absorption depth compared to
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Figure 2.3.2: The ray paths of luminescence in a textured sample undergo multiple re-
flections in a complex way. The textures draw are for representation only, and not to
scale. Generally, reflection is solved using an equality of the incidence and reflection
angles, while refraction occurs on a non-normal angle. The paraxial approximation may
be used to create the ray path emerging from the solar cell accounting for refraction. In
the case of textured multicrystalline silicon, regular geometries do not exist and an ap-
proximation must be assumed for a random surface topology [359–361]. Nevertheless, a
phenomenological enhancement of the path can be considered using a simple model and
an average angle of refraction at the center of the conical angles of emission internally
to the cell. This allows a pathlength enhancement at the wavelength of luminescence to
be associated with an average angle, and as expected, increased reabsorption of lumi-
nescence in a textured sample.
the solar cell thickness, an appreciable amount of light will be lost outside of the solar cell.
This occurs on both the paraxial ray path in which case it will be detected, or outside
of this detection regime. The upper range of the detectable luminescence bandwidth
which is not reabsorbed is limited in this consideration by R(θ, λ)N < P%, where P is a
chosen percentage of detectable flux, and N is a number of reflections that would occur
within the limit. Simulations may then be simplified under such reasonable assumptions
of the light rays which would be detected in the majority by the luminescence imaging
instrument.
From first simulations performed by Marius Peters, the angles internal to the
cell from the surface normal in a monocrystalline silicon textured wafer are 41◦ and
51◦, to first and second order [363]. The reabsorption length for these kinds of wafers is
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approximately 1.4 times larger than found for a planar cell. The case of a multicrystalline
silicon texture [359–361] may be difficult to solve analytically. However, in this case, the
reabsorption will still be larger than in the assumption of a planar sample [364]. This
increase in reabsorption will lead to quantitative errors in analysis if the analytical
solution of a planar silicon wafer solar cell is used to determine the absolute spectral flux
of luminescence emitted from the sample.
2.4 The transition moment model of light emission
The acceleration of an electric charge causes emission of electromagnetic radiation10
[365, Chapter 22, p. 661]. Conservation laws require energy to be released due to a
change in velocity of a charged particle, which results in a change of kinetic energy. As
a charge changes velocity, electromagnetic energy is released [305]. Emission of light
may be described thus as the motion of charge, or rearrangement of electronic states in
matter. Light emission is thus commonly modeled with an oscillating charge, and can be
developed leading to the dipole, quadrupole, and higher order transition moments [366–
368], and using a two-level quantum system [368–372] describing the electron occupation
during decay from a conduction to a valence band level in a semiconductor [196].
The usual formulation for light emission and light interaction with matter is via the
semiclassical theory, which is well described by Loudon [372], while various transition
moments are reviewed by Feofilov [205, Chapter 1, pp. 2-31]. In this Section, the gen-
eral concept of the dipole moment, and transition moments, will be described to show
that the structure of a material will effect the orientation of its emitted electromagnetic
fields. The transition moment and light-matter interaction formalism is useful to under-
stand the structure of the material and the relation to the polarization of light emission
[373, 374]. The luminescence spectra may be characterized by using the generalized
Planck law [276, 375] considered in Section 2.3, however, it does not account for the field
polarization (or assumes it is isotropic).
10Faraday stated that a changing magnetic field produces an electric field, and Maxwell stated the
opposite, developing the Maxwell equations.
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2.4.1 The transition moment of light emission
Luminescence is described as the emission of a photon due to an electronic transition,
usually an electric dipole as the first order of the transition moment [376, 377]. A charge
of acceleration a oscillating sinusoidally as x = A sin(ωt) with angular frequency ω about










Equation 2.4.2 uses the dipole rate p = qA, charge q, 0 the permittivity of free space, and
amplitude A. This elementary emitter produces an electromagnetic field which radiates
into space with anisotropic polarization, and anisotropic spatial intensity [305, 306].
Considering a two-level quantum system
|ψt〉 = a|ψn〉+ b|ψm〉 (2.4.3)
for states n and m, radiation (luminescence) may only be produced if an oscillating dipole





for dipole transition rnm = 〈ψn|r|ψm〉 [196], has close resemblance to the classical case
of Equation 2.4.2. In real terms, the dipole transition term for a given material obeys
a complex relationship, as it represents a 3-dimensional transition for an ensemble of
charges, or for Bloch band wave functions, which may require perturbation from an
analytical solution. However, many simple systems consider the oscillator as isotropic
[367], treating various directions in the solid having approximately the same transition
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moments.
2.4.2 Emission processes in the quantum theory
Emission of light is modeled in the quantum theory using the expectation value on the
energy states on the operator representing an interaction Hamiltonian between light
and the material [378]. The transition probability, or transition moment, quantifies the
probability or rate of emission with characteristic features such as polarization, duration,
wavelength or energy, and possibly coherence and phase of the oscillating field. By
definition, luminescence can be considered as the electrical activity of matter, and is
associated with the transition of electronic states of the matter. In a solar cell, the
recombination of an electron and hole may result in the emission of a photon. This
optical emission process becomes dominant over other recombination processes when
the separation between recombining energy levels becomes large. Here, the conduction
and valence Bloch band act as a two-level system. The levels are stationary states, and
no emission will occur when the particle is associated with a single energy state11. It
can be shown that the transition of the charge between two levels results in a number
of oscillations (accelerations) between the two states in a superposition, resulting in
luminescence.
Consider a charge existing in a superposition of the states of a two level system.
The states as |ψc〉 and |ψv〉 are the conduction and valance state, respectively, using the
Dirac notation, the superposition |ψs〉 is
|ψs〉 = a|ψc〉+ b|ψv〉 (2.4.5)
1 = |a|2 + |b|2 (2.4.6)
where the normalization of Equation 2.4.6 forces probability distributions of the particle
over all space to unity. Assuming that injection occurs at an initial time t = 0, and the
11However, the Heisenberg uncertainty principle complicates this to some extent, where some motion
must occur since the position and momentum do not have a completely negligible minimal value. This fact
may be ignored. However, keeping in mind the non-zero uncertainty, one may assume small oscillations
and a non-zero vacuum state which allows certain spontaneous energy transitions.
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particle will occupy the valence band some time later, a = 1 and b = 0 initially so that
|ψs〉 = |ψc〉, and similarly at a final state at time t we may write |ψs〉 = |ψv〉. The release
of the photon and relaxation of the matter occurs between time t = 0 to t ≈ τ , being the
lifetime of radiative recombination. This must result in an oscillation of charge during
the superposition of Equation 2.4.5, since the angular frequency of the photon is not on
the same order as the transition lifetime. To assess the spatial oscillation, we begin with
the expectation value of the position r of the particle, which is
〈r〉n = 〈ψn|r|ψn〉 (2.4.7)
for stationary state n [370]. Substitution of Equation 2.4.5 into Equation 2.4.7 gives
〈r〉s = 〈aψc + bψv|r|aψc + bψv〉
= |a|2 〈ψc|r|ψc〉+ |b|2 〈ψv|r|ψv〉+ a∗b 〈ψc|r|ψv〉+ b∗a 〈ψv|r|ψc〉 .
(2.4.8)
The stationary states are, by definition, time independent. Introducing temporal evolu-
tion, the system oscillates, and the particle undergoes transitions between the two levels.
The time dependence is ψn = f(r)e
−iEn
h¯
t where f(r) is the spatial function, En is the
energy level, and t is time [372]. This time dependent term is pulled from the spatial


















and the observable position operator is taken as real. Using E = h¯ω, and eiθ = cos(θ) +
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i sin(θ) [379], the time dependent superposition of the two-level system is
〈r(t)〉s = < [2|rcv| (cos(ωcvt+ δ) + i sin(ωcvt+ δ))]
= 2|rcv| cos(ωcvt+ δ).
(2.4.11)
The term δ allows a phase, and |rcv| = 〈ψc(r)|r|ψv(r)〉 is the expectation value of the
position operator. The time dependence predicts a sinusoidal oscillation of angular
frequency ω determined from Ec − Ev = h¯ω, and a strength dependent on the overlap
of the wave functions |rcv|.
Thus, the evolution of the particle between two levels results in a sinusoidal oscillation
as the particle exists in the superposition. The particle decay from the excited state
(conduction band) to the final state (valence band) involves an oscillation charge, which
means the charge is accelerating, and thus emitting radiation.
2.4.3 Luminescence emission from silicon as an oscillation
The silicon indirect bandgap has an energy of approximately 1.1 eV which gives a central
wavelength λ, using h¯ω = 2pih¯c/λ, of about 1100nm. The oscillator power can be
used to obtain the oscillation characteristics from the canonical relationships [380, 381].
Substituting the acceleration a of the oscillator from Equation 2.4.1 into the Poynting
vector S = 1µ0









A photon centered at the indirect transition of silicon has energy
E = h¯c/2piλ ≈ 1.8× 10−19 J. (2.4.13)
Using the Planck constant h = 6.626068 × 10−34m2kg/s, central wavelength λ0 =
1100nm, speed of light c, the permit
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2.4.4 Light-matter interactions
Light-matter interactions are described using the interaction Hamiltonian Equation,
which can be solved in the operator expectation value to account for coupling between
an electromagnetic field and the material. This allows conservation of momentum and
energy to be used to constrain the system which consists of a material undergoing an
electronic transition, the emitted light, and the interaction energy of the coupling.






which requires energy and momentum conservation upon the transition. Here, R is a
rate, and ψf/i are the wave functions of the final (f) and initial (i) states of matter.
The probability R is non-zero when conservation is preserved [370, 371]. Ĥ is the
canonical Hamiltonian operator for light emission, and is generally treated in a semiclas-
sical manner [366, 382]. Ĥ includes the energy of the matter, the electromagnetic field,
and the coupling of the matter and light commonly referred to as the interaction term
Hint. The sum of the energies gives
Ĥ = Ĥmatter + Ĥfield + Ĥint. (2.4.15)
Similar to the treatment of Cohen-Tannoudji [383], the time dependence may be found
in the interaction term of the Hamiltonian, and the matter.
2.4.5 Electrodynamics for light-matter interactions
In the semiclassical approximation, the electromagnetic field is treated classically and
matter is treated as a quantum mechanical system. This ignores the annihilation and
creation of individual photons, since the fields are large enough for small fluctuations in
the electromagnetic field to be ignored. Then, the Hamiltonian in the interaction picture
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[384] is
Ĥ = Ĥ0 + V̂ (t), (2.4.16)
which known as the electric dipole approximation. This approximation can be obtained
using the acceleration of a charged particle in an electromagnetic field, and the canonical




where p is the classical momentum and x the classical position.
The Coulomb gauge [385] may be used to represent the field potential. In the
Coulomb gauge, the vector potential A and the scalar potential ς are chosen to give
unique values with ς = 0 [384] so that
−∇̂2 ~A(x, y, z, t) + 1
c2
∂2 ~A(x, y, z, t)
∂t2
= 0, (2.4.18)
~∇ · ~A = 0. (2.4.19)
The spatial variables may be collected into ~r = x, y, z, and t is the temporal variable.
The Maxwell Equations allow a superposition of plane waves as a solution [386],
giving
~A(~r, t) = A0eˆe
i(~k·~r−ωt) +A∗0eˆe
−i(~k·~r−ωt) (2.4.20)
where eˆ is the unit vector pointing in the direction of the polarization of the field, and
A0 is the field amplitude. Equations 2.4.16, 2.4.17, 2.4.18, 2.4.19, and 2.4.20 may be
used to solve the Hamiltonian introduced in Section 2.4.4 governing the light-matter
interaction.
2.4.6 The Hamiltonian of a charge in an electromagnetic field
The Lagrangian of the kinetic and potential energy of a charged particle with charge q
in a field was solved by Cohen-Tannoudji giving L = K−qς−q~v · ~A [383, Appendix 3,
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p. 1492]. The kinetic energy using the canonical operators is K = (1/2)m~v2. The
classical Hamiltonian derived retaining the order of the dot products12 is
Ĥ = ~p · ~v − (1/2)m~v2 − qς − q~v · ~A. (2.4.21)




(~p− q ~A). (2.4.22)
Substituting ~v into Equation 2.4.21, and taking a sum to represent a set of charged
particles of index i, mass mi, and charge qi, the Hamiltonian for a collection of charges







(~p− qi ~A(~ri))2 + V0(~ri)
)
. (2.4.23)
Expanding Equation 2.4.23, the second order field terms ~A2 represent two-photon events,
which play a role when the field strength is > 1015W/cm2 [376, 387]. Here, only single
photon interactions are considered. This expansion (Equation 2.4.23) gives





(~pi · ~A+ ~A · ~pi) (2.4.24)
ignoring the higher order term. In the interaction picture [388], the Hamiltonian will be
Ĥ = H0 +V (t) with the time dependence in the term V (t) as shown in Equation 2.4.16.
This Hamiltonian H0 represents the system when the electromagnetic field is turned off,
and the time dependent perturbation term V (t) giving the time evolution of the system.






(~pi · Â+ Â · ~pi). (2.4.25)
12since upon substitution of the canonical operators the result may not be commutative
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the interaction Equation 2.4.25 occurs for a distribution of charges qi with momentum
~pi oriented in space within the electromagnetic field. The orientation of the charges in
the field governs the orientation of an emission.
2.4.7 The electric dipole approximation and the transition moment
When the plane wavefronts are substituted into the Hamiltonian Equation as a classical
wave, they modulate the interaction. The canonical quantum momentum operator from
Equation 2.4.17 is ~p = −ih¯∇̂, and may be substituted into a classical Hamiltonian. In











Â · p̂. (2.4.26)
The vector potential is Â = A0ê · p̂ei(~k·~r−ωt) where the term ê is a unit normal in the
direction of the field. In the electric dipole approximation, the dimension of the emitter
is assumed to be much smaller than the wavelength of the field, so λ→∞ and |k| → 0
giving ei(
~k·~r) ≈ 1. The multipoles may be obtained by placing the center of a particle on
the origin r0, and expanding the difference of the position of the particle [ri − r0] [389]
as ei(
~k·~r0)[1 + i~k · (~ri − ~ri) + · · · ], where the first term of this expansion is the electric
dipole. When the field variables are substituted into the time dependent Hamiltonian,
the resulting Equation for a collection of charged particles is










This is the electric dipole operator. The momentum and field orientation are included in
this operator, and their strengths are included within the matrix elements. Note that the
Hamiltonian includes the field orientations and momentum of the individual distribution
of particles using their spatial variable ~ri.
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2.4.8 Dependence of the spatial orientation of the charges on the emission
The transition moment probability results when the Hamiltonian is integrated on the
initial and final states of the matter as 〈ψv|Ĥ|ψc〉. This matrix includes momentum and
energy conservation of the transition. The transition moment has a simple form, written
by ignoring the constants as [369, 383]
〈ψv|ê · p̂|ψc〉 (2.4.28)
for a single particle Hamiltonian. The spatial variable r̂ can be substituted because of
the commutator [r̂, H0] =
ih¯p̂
m which gives 〈f |p̂|i〉 = imωif 〈f |r̂|i〉. For a collection of
particles the sum is included and the solution written in terms of the position of charges
is 〈ψv|ê · (
∑
i qir̂i)|ψc〉. This model is relevant for the luminescence emission from silicon.
The transition moment matrix element
µ̂ = 〈ψc|ê · r̂|ψv〉 (2.4.29)
represents the average of the ensemble of particles, or a single particle.
Note that the transition dipole includes the distributions of charged particles, and
the field orientation. This matrix element includes selection rules, and the symmetry of
states in the interaction. Although this Hamiltonian is complex when involving materials
such as a semiconductor [390–392], the emission probability is governed by the transi-
tion matrix which includes the momentum and energy conservation of the light-matter
interaction.
2.4.9 The orientation of fields in the light-matter interaction
The emission of light takes on the momentum and energy conservation through the in-
teraction coupling of the electromagnetic field and the material. Generally, the structure
of the material will relate to the orientation of the electromagnetic fields emitted. The
polarization of emitted light is always in relation to the orientation or structure of the
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emitter, and the orientation of the external exciting field. Anisotropy of the material will
always affect anisotropy of the polarization in the emitted luminescence. Thus, we can
expect that an anisotropic distribution of oscillators or charges gives rise to anisotropic
polarizations in the emission field.
Such a transition will occur at a defect in a silicon wafer solar cell. If the oscillators
orientation is constrained in the material, the emission of the electromagnetic field is
parallel to the oscillator from whichever point of observation the oscillator is viewed.
Silicon emits light with nearly isotropic polarization from its indirect bandgap. However,
the stress introduced by defects in the crystal affect the isotropy of the Bloch band
[256, 321, 393–396]. Luminescence polarization is investigated experimentally in Section
6, and may be useful for characterization of defects in semiconductors.
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3 Instrumentation for photoluminescence and electrolumi-
nescence applied to silicon wafer solar materials and de-
vices
In this Chapter, the instrumentation built to allow photoluminescence and electrolumi-
nescence characterization of silicon wafer solar cells is presented. The different electrical,
optical and mechanical elements of the instrument, and its design parameters, are ex-
plained. The instrument was designed for luminescence imaging [158, 164, 183, 397–407],
and was modified to allow hyperspectral luminescence imaging and spatially-resolved po-
larimetry. The results of the experiments performed using the modified instrumentation
are presented in Chapters 5 and 6, and in published articles [1, 3–6]. More information
on opto-mechanical instrumentation design may be found in the literature [408–412].
Information specific to luminescence imaging instruments for silicon wafer solar cell in-
spection can be found in articles [164, 183], Theses [158, 397–407], and patents [413–421].
3.1 Luminescence imaging instrumentation
Photoluminescence and electroluminescence imaging instruments for silicon wafer solar
cell and material inspection can be summarized by Figures 3.1.1 (a) and (b), respec-
tively. In most cases, silicon wafer solar cell characterization uses electroluminescence
and photoluminescence in one tool. This allows a voltage bias to be applied to the device
while photoluminescence is performed.
3.1.1 Electroluminescence instruments
The use of combined electroluminescence and photoluminescence allows series resistance
imaging of silicon wafer solar cells [166, 171, 174, 260]. More sophisticated characteriza-
tion methods have also utilized a varying voltage and excitation laser power to develop
applications and characterization procedures [284]. Detection of the emitted radiation
is performed using a camera to obtain an image of the entire device. With photolumi-
nescence, an excitation laser is used to excite electrons into the conduction band. With
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Figure 3.1.1: A (a) photoluminescence and (b) electroluminescence instrument for solar
cell characterization. In (a) a laser is used to illuminate the sample, causing generation of
excess charge carriers in the device. In (b) a power supply is used to separate the quasi-
Fermi levels in the device using an applied voltage across a pn junction. A camera is used
to image the cell through a focal lens. Passive optical elements may be inserted in line
with the camera and object. The sample is contacted on a temperature controlled stage
using an air pump to create a vacuum, and contacted at the top electrode using pins. A
proportional, integral, differential (PID) controller is used to control the temperature.
electroluminescence, an applied voltage to the solar cell is used to split the semiconduc-
tor’s quasi-Fermi levels via injection of minority carriers by the pn junction.
Flexible modifications to the built instrument were allowed, such as the implemen-
tation of optical filtering systems, the selection of different excitation wavelengths and
powers, and forward and reverse biasing of the device under study. Notably, the ability
to modify the instrument to allow line-imaging spectroscopy for hyperspectral imag-
ing, as well as the introduction of polarimetry for polarization-resolved imaging of the
luminescence emitted from silicon wafer solar cells was enabled.
In the case of electroluminescence, the instrumentation is simplified due to the ab-
sence of an excitation laser. This means that laser light scattering and reflection which
gives rise to noise on the detector in a photoluminescence instrument is absent, and fil-
tering is not required. The silicon wafer solar cell is operated like a light emitting diode
[197, 304, 422]. However, electroluminescence can only be applied to image finished solar
cells which have metal contacts [423]. For this reason, electroluminescence is often used
to check the ohmic contact of a cell, or the quality of electrical contacts between solar
cells strung in a photovoltaic module [182].
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Figure 3.1.2: The assembly to provide electrical contact to a silicon wafer solar cell for
the injection of carriers into the conduction band using an applied voltage. (a) shows
the simple back contact, a polished copper plate, and the front contact assembled using
a copper rail and a plurality of spring mounted gold contact pins. The pins specified
current flow were about 2 Amperes each, providing more than enough current flow for
the solar cell. (b) shows the electrode assembly contacting a silicon wafer solar cell,
showing the pins in contact with the cells bus bars.
The contact assembly to supply the photovoltaic device with a forward bias used a
four way connection. Two leads were used to connect the power supply to the top and
bottom contacts, while the other two leads were connected to a multimeter to monitor
the applied voltage. The power supply can be used to bias the device in both forward
and reverse. The supply operates at a voltage that causes a forward current that is near
the short circuit current of the device at one-sun when in forward-bias, and typically the
breakdown voltage of the devices spans from −10V to −25V .
A vacuum is supplied to the lower copper contact so that air pressure may establish a
stable connection to the back electrode of the cell. This back electrode also mechanically
supports the device. The cameras are positioned on a movable mount so that regions
of the sample may be investigated by modifying the working distance of the camera
and lens. The lenses used were fixed focal length lenses. Lenses of 50mm, 35mm, and
25mm focal lengths allowed different working distances and fields of view.
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3.1.2 Photoluminescence instruments
Photoluminescence instruments utilize the excitation of electrons from the valence band
to the conduction band using and excitation laser with a photon energy greater than the
energy bandgap of the semiconductor [65, 162]. Radiative recombination of the excited
carriers occurs via the indirect bandgap of silicon. This thus requires a high power
excitation laser, a scientific-grade camera capable of detecting the weak luminescence
radiated from the silicon, and optical filters to remove the unwanted excitation light
from the camera. The excitation light is about 5 to 6 orders of magnitude more intense
than the emitted luminescence [243, 318]. The laser wavelength is selected so not to
coincide with the bandwidth of the luminescence emission signal from silicon wafer solar
cells, which is broad at room temperature [3, 301].
3.2 Electrical components
The electrical components used include power supplies, a temperature controller, elec-
trical contacts and a four point connection with a multimeter.
3.2.1 Temperature controller, electrical contacts, and power supply
The 8 stage peltier cooled back contact allowed stable operation of the solar cell from
approximately 20 ◦C to 110 ◦C. The change in the temperature allows identification
of intrinsic versus extrinsic defects in a photovoltaic device [304]. It was found that
the large resistance in reverse-bias, and thus large heats generated [424], could not be
removed at the rate of which cooling was supplied by the temperature controller. For
the investigation of reverse-bias images, the electroluminescence was thus generated only
for a short period of time while the camera sensor integrated the signal (typically on the
order of one second).
Electrodes were fabricated using a polished copper back plate, and a gold pin elec-
trode assembly for the top contact (see Figure 3.1.2). The gold pin electrodes were
specified to allow ≈ 2Amps of current each, and were inserted by interference fit into
a copper bar used to align the pins to the top contact. A second contact system was
67
Figure 3.2.1: The photoluminescence experiment is pictured here, showing the electrical
stage and the 5W laser to the right. The camera is allowed to translate in x,y, and z
directions using mechanical mounts and slides. Optical elements may be mounted on
the aluminum profiles below the camera
procured which had a thermo-electric cooler built in (see Figure 3.2.1). The back contact
of the instrument is connected to a temperature controller (PID). This controller utilizes
four Peltier elements (thermal electric elements) in direct contact with the lower surface
of the back contact. These elements are connected to a circuit which is set to drive the
elements to stabilize the back contact, and thus the solar cell, to within about 1 ◦C. The
power supply was supplied by TTi (model number CPX 400A) an is able to supply 60V
and 20A to the device.
3.3 Optical components
The optical components of the luminescence imaging instrument include the excitation
laser, the imaging camera, the imaging objective, the optical filters, and the homogenizer
for the excitation source.
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Figure 3.3.1: The coupling optics for the green photoluminescence excitation source
includes two mirrors (M1 and M2), a NdYAG solid state LASER, and a fiber coupler
(FC) including an aspherical lens having focal length of approximately 11mm. To
the left of the image the resulting homogenization of the laser may be observed upon
transmission through the homogenization unit, as described in Section 3.3.2.
3.3.1 Sources of optical excitation
For the generation of electron-hole pairs in the semiconductor, the primary requirement
of the laser is the actual optical output. The excitation laser need not be single mode,
narrow band, or having an absolute phase. This greatly simplifies the choice of the
optical excitation source for photoluminescence. Where the wavelength is required to be
selected, a frequency doubling may occur on a YAG pump laser [425, 426]. Filters must
be used to remove the pump wavelength if this is done. A solid state laser was used
for the 532nm source. An ion laser is also appropriate for high powers if the excitation
wavelengths needs to be tuned.
The energy of the photons of the laser need to be larger than the energy of the band
gap. For silicon with a bandgap at a wavelength of ≈ 1150nm or 1.12 eV , an infrared
or visible laser will be sufficient. Common infrared lasers use 1064nm, but a solid state
pumped diode laser with a central wavelength of 808nm is both robust, commonly used,
and inexpensive.
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Semiconductor light sources, namely, light emitting diodes or diodes laser arrays, are
a good choice [422]. Diode lasers devices are well developed and are available as fiber
coupled units delivering in the order of 10’s to 100’s of Watts of optical power, often
having a built-in thermo-electric cooling system. Light emitting diodes in the infrared
can deliver on the order of Watts of optical power [427]. These are generally integrated
into an electrical circuit to operate an array of light emitting diodes.
The experimental apparatus used in this work employed a linear diode laser array
at 808nm providing up to 70W of optical power, with a thermoelectric cooler, and
interfaced with a control unit for variation of the output power. The manufacturer of
the diode array was Jenoptik [428]. Coherent also deliver fiber coupled linear diode
arrays of high quality for various powers and wavelengths [429]. The linear diode array
was coupled through an armored fiber for high optical power. The second laser employed
was a solid state YAG crystal frequency-doubled to provide 532nm wavelength light with
an optical power of approximately 4 Watts.
3.3.2 Homogenization of laser light
Figure 3.3.2 shows the homogenizer assembly for the green laser, while a similar assembly
was used for the infrared laser. Homogenization of the photoluminescence excitation
laser is important since the detection of emission intensities should not be affected by the
spatial properties of the excitation laser. Homogenization can be performed on the linear
diode array or laser cavity by collecting the light through a micro-lens array engineered to
scatter light in a controlled manner [430]. So-called Fly’s eye condensers are engineered
to homogenize a beam using a collection of optical components including the micro-lens
array, diffusers, and collimating optics [431–434]. Such optical instruments or devices
may be procured from various industrial sources13, however the beam homogenizer used
was fabricated from standard catalog elements. The tolerance of the beam homogeneity
is not as strict for photoluminescence characterization as compared to, for example, the
tolerance needed for photolithography [435], so the use of cylindrical lenses within the
13For example; SUSS MicroOptics, Edmund Optics. Homogenizers are also used in projector systems.
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Figure 3.3.2: The assembly to provide a homogeneous intensity output from the ex-
citation laser. The laser is coupled to a multimode fiber and subsequently collimated
using an aspherical fiber collimator. The light is transmitted through an interference
filter to remove the pump mode of the laser which is at a wavelength of 1064nm. The
filtered, collimated beam is incident on a micro-lens engineered diffuser which scatters
the beam with a divergence angle of 20◦ into a homogeneous square. This assembly
is mounted within the photoluminescence apparatus at an angle to minimize scattering
and reflection into the camera, to deliver spatially homogeneous generation of carriers
in the silicon wafer solar cell, or silicon material samples.
condenser was not required.
A homogenizer was built for both the 808nm linear diode array laser, and the 532nm
solid state pumped optical laser. These homogenizers were developed using the engi-
neered diffusers available from Thorlabs. Such elements are fabricated inexpensively
using a plastic optical component, however, the micro-lens arrays may also be embedded
into a glass substrate such as borosilicate crown glass (BK7) for use with high power
lasers. However, the use of a glass substrate comes at a greater expense. Plastic optic
substrates were thus used given that the operating power of the 532nm laser does not
exceed the optical power threshold of the engineered diffuser. For the 808nm laser, the
plastic optical element was used for low excitation powers (below 5W ).
3.3.3 Camera selection
To capture the infrared image, a suitable camera should be used with good quantum
efficiency at the luminescence bandgap of silicon, which is centered at roughly 1130nm
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in wavelength. A silicon charge coupled device [436] or indium gallium arsenide camera
[437, 438] are suitable sensor materials that are available. The camera chip should be
cooled to reduce noise as the low output of light from the sample requires long integration
times. Lenses used for such cameras should be transmissive in the visible and infrared
range, and exhibit minimal chromatic aberration.
The instrument built was enabled with three different cameras. An electron multi-
plied silicon charge coupled device camera with 1024× 1024 pixels was used initially to
achieve electroluminescence images of photovoltaic modules and cells. The camera was
manufactured by Andor (model Luca-R). This camera has a lower infrared response
than a deep depletion camera. An indium gallium arsenide camera from Xenics with
640×520 pixels (model Xeva 1.7 640) was also used to obtain high sensitivity to emission
wavelengths above 1100nm. This allows detection of the emission related to dislocations
in silicon [5, 439]. As well, a back-thinned silicon charge coupled device from Andor
(model iKon) was also used. This camera could achieve low noise using a thermal electric
cooler capable of achieving sensor temperatures of −100 ◦C.
The indium gallium arsenide camera provided shorter integration times than the
silicon cameras. However, it is sensitive to the long wavelength radiation, allowing
defect analysis at sub-bandgap energies. It was also sensitive to the indirect bandgap
luminescence from silicon above 1100nm where the silicon cameras were blind. This is
useful for both spectroscopy as well as providing some benefit to sensitivity, since more
light is emited at the indirect bandgap of silicon above 1100nm. The silicon charge
coupled device cameras have the advantage of providing low signal to noise levels, and
so they may be integrated for a longer period of time.
3.3.4 Optical filtering
Generally two kinds of optical filters may be used. Color filters, which are absorptive
glasses, and interference filters, which are engineered by stacking materials of different
refractive index. Either of these filters may be employed simply to remove the photolu-
minescence light from the camera, while transmitting the silicon luminescence spectrum.
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Figure 3.3.3: Typical quantum efficiencies of scientific cameras. BR-DD (red, solid)
stands for a back illuminated deep depletion camera, with fringe suppression. BV (green,
solid) stands for a back illuminated charge coupled device optimized for the visible
spectrum, and BU2 is UV enhanced. FI is a standard front illuminated charge coupled
device. It can be seen that the infrared sensitivity increases considerably using the deep
depletion device. Adapted from Andor Technologies specification sheet [440].
They may as well be used in combination.
Reduction of the excitation laser intensity is done using a suitable optical density
(OD) filter for the spectrum of interest. An OD represents the order of intensity that





where I0 is the initial intensity, and the transmitted intensity is IT . An OD5 filter will
block 5 orders of magnitude of optical power. Thus the transmitted power through the
filter is It = I0× 10−5. The filters were mounted in front of the imaging objective of the
camera.
A good combination is to utilize a notch interference filter which is engineered at the
excitation lasers wavelength, along with long pass color filters. This can effectively block
4-6 orders of the laser before filtering it in the color filters. We utilize two notch filters
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in our system, one at each of the wavelengths of excitation (532nm and 808nm) having
5nm spectral full width at half maxima, along with 3 long pass color filters which cut
on at a wavelength of 850nm. The notch filters were procured from Semrock (element
numbers NF01 − 532U − 25 and NF03 − 808E − 25) while the color glass was Schott
glass (RG850). It was found that an optical density of some 10 − 12 was required to
sufficiently remove the laser light from the sensitive camera.
3.3.5 Imaging optics
C-mount and CS-mount14 lenses are used for most scientific cameras to maintain a
standard back-focal length. A 5mm spacer can be used to convert a C mount to a CS
mount. The format size of the camera must match the format of the lens used. The full
well capacity of a pixel increases as the pixel becomes large so that the camera may be
more sensitive. However, sensitive scientific cameras thus require lenses manufactured
for the larger format size.
The modulation transfer function (MTF) for a lens describes how well they preserve
image quality. Assessing the MTF at the edges of an image will give the best merit in
lens selection. Off the shelf CCTV (security) lenses proved to work for our electrolumi-
nescence application when using the electron multiplied silicon charge coupled camera.
Well made industrial CCTV lenses can be found readily. These have high optical tol-
erances, and are also not vulnerable to deterioration or misalignment due to vibrations
which may be present in a factory environment.
The working distance L and focal length f of a camera are related for a C or CS





where FOV is the field of view [441]. The field of view should be set to equal the
dimension of the object under study. In our experiments, lenses were chosen to account
for a standard 156mm size silicon wafer common for multicrystalline silicon wafer solar
14C and CS mounts refer to standard mechanical specifications to mate female and male threads for
attachment of cameras and lenses, as well as a standard flange back focal distance of 17.526mm.
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cells. Focal lengths of 16mm and 25mm provided reasonable working distances (within
half a meter). Long focal length lenses exhibit less spherical aberration than short focal
length lenses [442].
The camera is allowed to translate on the vertical axis of the experiment so that
magnification may still be adjusted for certain features of the silicon wafer solar cells
under investigation. A minimum working distance for a lens is on the order of its focal
length. Thus, a limit to the magnification which may be achieved means that a second
lens may need to be inserted between the object and objective of the camera [409]. Large
diameter lenses were used for this purpose so not to introduce a second aperture stop in
the imaging system.
Finally, lenses have various transmission and must be matched to the sensitivity of
a camera quantum efficiency. Indium gallium arsenide cameras detect radiation in the
short wave infrared region and different glasses and coatings are used for these cameras.
Lenses manufactured by Kowa for machine vision applications were suitable (catalog
number HC − SW ), however, a variety of manufacturers offer similar products. The
chromatic aberration observed between indirect-bandgap luminescence (≈ 1150nm) and
sub-bandgap luminescence (≈ 1400nm) was considerable.
3.4 Mechanical components
To remove stray light a dark box should be used to house the electrical contacts, and
should provide support to safely mount the camera which could be translated as well
to focus into various regions of the sample. Proper insulation for the electrical contacts
should be used. Materials like thick rubber and Teflon are good electrical insulators.
This box can serve the dual purpose of protecting the user from voltages or radiation that
may be emitted by the instrument as well. Translation of the camera can be achieved
using crude alignment with locking hinges. The translation mounts were built using
aluminum profiles and components. The distance of translation should cover a range
suitable for the working distance of any optics used.
The mechanical components for photoluminescence can be the same as those for
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Figure 3.4.1: This electroluminescence instrument was used for a live demonstration
[443], and was used frequently for electroluminescence imaging. The mechanical as-
sembly is fabricated using standard aluminum profiles, and Poly-methyl methacrylate
(PMMA) panels. The low-cost unit may be used at a pilot line and may be transported
on the wheels. In (a) the entire unit (affectionately called the dog box ), is shown. In (b)
the contacting assembly, camera, and mechanical components which seal the experiment
from stray room light are shown.
electroluminescence specified in Section 3.1.1. A larger translation is achieved in this
experiment using similar aluminum profiles. The dark box was larger and was interlocked
to switch off the laser when the door became opened, for implementation of safety
protocols.
3.5 Modifications to the luminescence-imaging instruments for ad-
vanced characterization of silicon wafer solar cells
Two modifications to the standard luminescence imaging instrument were performed,
including an imaging polarimeter described in Section 3.5.1, and an imaging spectrometer
instrument described in Section 3.5.2.
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Figure 3.5.1: Experimental arrangement of the optics for analysis of the partial polar-
ization of luminescence from defects in a silicon wafer solar cell. An indium gallium
arsenide camera is used to image broadband luminescence associated with sub-bandgap
energy levels from dislocations in silicon. The long pass filter is used to remove the
strong luminescence signal from the indirect-bandgap of silicon. A high extinction ratio
polarization analyzer enables broadband polarization analysis of the emitted lumines-
cence in an imaging system. Electroluminescence is controlled using a power supply on
a temperature controlled solar cell. Images are obtained using a focal lens to magnify
defective regions of the solar cell, while image processing is performed on the final data
sets which are gathered for a plurality of settings on the polarization analyzer.
3.5.1 Luminescence polarimetry instrument
Polarimetry may be performed using polarization analyzers, which are used before de-
tection of the signal, and polarizers, which are used to prepare the source. These names
are used only to describe where the optical element is placed in an apparatus. In fact,
the optical element used may be the same for either polarizer or analyzer. Polariza-
tion optics come in a variety of forms. The wire grid is an economical polarizer and is
commonly used for broadband polarization control and analysis. Such an element uses
linear conductive arrays which resonate strongly, and so absorb light parallel to the wire
grid. The light polarization (the electric field direction) which is perpendicular to the
wire grid is transmitted through the device.
The efficacy of a polarizer is quantified using the extinction ratio, among other pa-
rameters such as its efficiency. The extinction ratio tells how much of the light is still
remaining in the transmitted beam. A polarizer with an extinction ratio of approxi-
mately 100 : 1 is considered poor, and these elements are commonly available, while
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extinction ratios in the 10000 : 1 or 100000 : 1 range are considered good. To achieve
the highest extinction ratios interference effects of light are employed [305, 444]. This
allows the thin film polarizer to be used, or for example, the Glan-Thompson and
Glan-Taylor polarizers [445], and the Wollaston interferometer [446].
In the case of electroluminescence implementations, the orientation of the exciting
field is controlled by the electric field. This is a property of the device and so only
polarization analysis is used. In the case of photoluminescence implementations, the
orientation of the exciting field may be controlled using a polarizer, or set of wave plates
and polarizers, to utilize optical dichroic effects of the material for characterization.
3.5.2 Luminescence spectroscopy instrument
Multichannel imaging spectrometers, although based on many different technologies
and physical principles, form an increasingly important subset of spectrometric sys-
tems. While some imaging spectrometers are able to produce a spectral image of a
two-dimensional scene, the majority of them are designed to allow simultaneous spec-
trum analysis at each point of the entrance slit without mixing of spectra corresponding
to different points of the slit [447]. Such instruments are appropriate for collection of lu-
minescence spectra over the entire area of a photovoltaic material or device. This allows
spatially-resolved luminescence spectroscopy, which may be beneficial for evaluation of
silicon wafer solar materials, cells, and even modules [161].
Such an instrument provides the advantage over existing luminescence imaging meth-
ods in that the spectrum is retained. Note that the integration of the spectrum at a
point will result in the luminescence image. In a properly designed instrument, each
point at the entrance slit creates a separate spectrum, which is registered on one or
more separate rows of a detector array. Although such spectrometers produce the spec-
tral image only for points of the object aligned along the slit, they are referred to as
imaging spectrometers because they perform spectral analysis separately for every point
along the slit. Such spectrometers are known as line-imaging spectrometers. Translating
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Figure 3.5.2: The red region in the inset electroluminescence image marks the space over
which luminescence was collected to obtain the spectra in the plot. The width of the red
square corresponds to the slit width of the instrument, while the vertical dimension of
the red square corresponds to seven pixel lines which were summed to form the average
spectra. This process was completed to obtain a regular array of spectra covering the
entire region of the solar cell shown in Figure 5.1.1.
an object perpendicular to the slit allows the acquisition of a hyperspectral15 image.
A setup for the experiment used to determine the spectra of luminescence emission
at each point of the silicon wafer solar cells is shown in Figure 3.5.3, illustrating the
various optical elements of the instrument, as well as the location of the sample. The
sample was aligned perpendicular to the instrument, which is mounted on a translation
stage capable of moving over the entire area of a 15.3 cm by 15.3 cm crystalline wafer
solar cell.
Luminescence emitted by the solar cell is passed through a fine slit aperture placed
at the focal point of the imaging lens. The slit width can be adjusted to values in
the 0 − 1 cm range using a micrometer screw which mechanically separates two fine
steel blades aligned on-center to the instruments optical axis. This aperture defines a
line of finite width on the solar cell from where light is collected by the instrument.
The accepted light is collimated and transmitted through a diffraction grating and then
15A hyperspectral image simply refers to an image in which spectral information is recorded at each
point. For example, the human eye records both the intensity of light, as well as the color, and thus
provides a hyperspectral image.
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transmitted through a set of focusing optics before being detected by the indium gallium
arsenide camera. The silicon cameras may also be used.
The objective lens of the spectrometer is chosen to fill the spatial dimension of the
detector array with the length of the solar cell, while the width is recorded across multi-
ple spectral line images while the cell is translated. Engineered controllers or a moving
production line could automate this process of sample translation, to a desired resolu-
tion. In this experimental apparatus, a threaded steel screw was used. The instruments
spectral resolution was limited by the detector array along the slit which projects to
give a size of 10µm potential resolution, more than likely required for any practical
monitoring instrument, while averaging results in a coarse resolution.
Diffraction of the light by the diffraction grating results in a spectrum of luminescence
arranged perpendicular to the axis of the slit aperture for each point on the line of the
aperture. The indium gallium arsenide camera array is aligned in the spectrometer so
that spectral information is collected along the array axis having 640 pixels, while the
spatial information parallel to the slit aperture is collected along the array axis having
512 pixels. The diffractive element has an efficiency of > 70% and the spectral range of
the spectrometer is designed to span the range 900− 1600nm. The spectral resolution
of this diffraction limited instrument is 1.2nm, and the signal to noise ratio of the
instrument is > 1000 : 1 owing to the elimination of second-order diffraction. A raw
data point obtained from this instrument is shown in Figure 3.5.2.
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Figure 3.5.3: Set up of the hyperspectral imaging spectrometer based on a line-scan
method and a transmission grating. The line is defined on the object under investigation
using an adjustable slit as an aperture at the entrance of the spectrometer. This is
created using two fine steel blades positioned on springs within a micrometer thread so
that they may open and close the optical axis of the instrument. The input light is
collimated before being transmitted through a transmission grating with efficiency of
> 70%. Upon diffraction, the light is focussed and the spectrum is then recorded on
one axis of the camera array. The orthogonal axis on the camera array to the spectral
data records the spatial information along the entire line coupled through the entrance
aperture.
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4 Applications of luminescence imaging of silicon wafer so-
lar cells
In this Section a number of experimental and theoretical aspects of luminescence char-
acterization are described. Section 4.1 shows results and discusses practical issues in the
characterization of diffusion lengths of charge carriers. Section 4.2 provides the results
of experimental investigations in identification of defects in silicon wafer solar cells using
reverse-bias and sub-bandgap luminescence imaging. Section 4.3 provides x-ray fluores-
cence data which was used to study regions of defective cells which were shown to yield
defect luminescence.
4.1 Measuring the diffusion length of solar cells using electrolumines-
cence imaging
The measurement of the diffusion length of minority carriers is traditionally performed
using spectral response or light beam induced current (LBIC) measurements [448]. The
ratio method proposed by Wu¨rfel [204] may yield diffusion length images of silicon
wafer solar cells using luminescence. In this Section, the ratio-imaging method is inves-
tigated. Ratio imaging was performed using a variety of interference filters and three
different cameras having different quantum efficiencies.
4.1.1 The ratio method for imaging diffusion lengths of silicon wafer solar
cell
Many methods based on the luminescence technique compare an image under one exper-
imental condition to an image from another experimental condition by using difference
imaging or ratio imaging [304, 449, 450]. The comparison is used so that another variable
is removed from the final result to give a value representing only a single parameter of
interest. Division of images may remove voltage variations which affect the luminescence
intensity images (see parameter Va in Equation 2.3.6) to improve on the diffusion length
image method proposed by Fuyuki [197].
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Figure 4.1.1: The ratio vs. diffusion length curves for three different filter combinations,
and three different cameras. In (a) a InGaAs camera (Xenics, XEVA1.7-640), a long
pass filter with cut-off wavelength of 1100nm and a short pass filter with a cut-off
wavelength of 1050nm (blue), a long pass filter with cut-off wavelength of 1150nm and
a short pass filter with cut-off wavelength of 1050nm (green), and a long pass filter with
cut-off wavelength of 1200nm and a short pass filter with cut-off wavelength of 1050nm
(red) were used. In (b) a deep depletion Si camera (BTimaging, LIS-R1), two short pass
filters with cut-off wavelengths of 1050nm and 900nm (blue), two short pass interference
filters with cut-off wavelength of 1000nm and 900nm (green), and two short pass filters
with cut-off wavelength of 1000nm and 950nm (red) were used. In (c) silicon electron
multiplied charge coupled device (Andor, Luca-R) with the same filters as in (b) were
used.
Knowing the spectral composition of the luminescence, the spectral transmission,
absorption of the sample, and optics used in a measurement, a diffusion length image
L (x, y) model may be generated. This model connects the ratio of different luminescence
spectra to diffusion lengths. The penetration depth of a photon 1/α (h¯ω) rises with the
photon wavelength. For example, light at the wavelength of 900nm has absorption
of 324.6/cm in silicon and penetrates 30µm in the cell, while light at 1200nm has
an absorption of 0.017/cm, and 38 cm penetration depth. Thus, the reabsorption of
luminescence will differ across the bandwidth of light emitted by the silicon.
To generate a model to extract the diffusion length parameter, the spectrum of the
electroluminescence is computed, as derived in Section 2.3.4. The ratio of the lumines-


















where λ1,2 and λ3,4 represent the start and stop wavelength of the bandwidth of transmit-
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Figure 4.1.2: The spectrum of luminescence from a silicon wafer solar cell calculated
from the generalized Planck law (Equation 2.3.1) assuming a cell thickness of 200µm
and a diffusion length of 300µm (black, solid line) is shown in both sub-figures. The
measured spectral transmission of (a) the long pass interference filters (colors, solid lines)
and (b) the short pass interference filters (colors, solid lines) used, are plotted.
ted light through the two filters, respectively. Upon substitution of the generation rate
of Equation 2.3.6, and expansion of the terms, the analytical solution for the numerator
or denominator may be computed as in Equation 2.3.18.
The luminescence spectrum was integrated along with the spectral transmission of
interference filters used, and the ratio of the intensities is computed for various diffusion
lengths [204, 284, 348]. The resulting relationship gives a dependence of the ratio,
which is measured, to the diffusion length of the silicon wafer solar cell. Since the
voltage distribution across the cell is the same for either image, the voltage dependence
is removed in the ratio. The plot of such diffusion length models is shown in Figure 4.1.1,
and are used to convert the experimental ratios obtained experimentally into a spatially
resolved diffusion length map. Nine separate electroluminescence ratio vs. diffusion
length models are generated as shown in Figure 4.1.1.
4.1.2 Application of diffusion length imaging using different cameras and
interference filters
A combination of short and long pass interference filters used in the experiments are
characterized using a Perkin-Elmer monochromatic spectrum analyzer to a resolution
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of 1nm as shown in Figure 4.1.2. The calculated electroluminescence spectrum emitted
from a silicon wafer solar cell having a diffusion length of 300µm is superimposed upon
the measured transmission curves of the filter for comparison. For both Si-DEEP and
Si-thin cameras, interference filter combinations include two short pass filters with cut-
off wavelengths of 1050nm and 900nm (blue), two short pass interference filters with
a cut-off wavelength of 1000nm and 900nm (green), and two short pass filters with a
cut-off wavelength of 1000nm and 950nm (red). The highest contrast in the method is
achieved using the two short pass filters with cut-off wavelengths of 1050nm and 900nm,
and the silicon charge coupled device.
The three cameras used include a deep depletion silicon camera (Si-DEEP), an elec-
tron multiplied silicon charge coupled device (Si-EMCCD), and an indium gallium ar-
senide array (InGaAs-SWIR). The reported quantum efficiency of the cameras is shown
in Figure 4.1.3 with the luminescence spectrum from silicon. The InGaAs-SWIR camera
detects short wavelength infrared radiation (SWIR)16, and is less sensitive in the near-
infrared (NIR) radiation range around 900nm than silicon cameras. Si-DEEP cameras
are much more effective in detecting the infrared region of the silicon spectrum from
1000 − 1100nm wavelengths than the Si-EMCCD cameras, but they are more expen-
sive. The large difference in the quantum efficiencies of the deep depletion and standard
silicon cameras affects the resulting diffusion length measured by the ratio method.
Two different multicrystalline silicon wafer solar cells are investigated. The mul-
ticrystalline silicon wafer solar cells had conversion efficiencies of 15% (low diffusion
lengths), and 17% (high diffusion lengths), are characterized using both LBIC measure-
ments, and the electroluminescence-based ratio method. Their LBIC diffusion length
maps are shown in Figure 4.1.4. The experimental setup for the electroluminescence-
based imaging instrument is shown in Figure 3.1.1(b).
16SWIR spans approximately 1000 − 15 − −nm in contrast to infrared radiation which is generally
assumed to be at larger wavelengths, going up to the radiation peak of the human body at 37◦C, around
9500nm using Weins’s law.
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Figure 4.1.3: The quantum efficiencies of three scientific cameras used for detection of
the luminescence spectrum from silicon. InGaAs-SWIR is a short wave infrared indium
gallium arsenide camera (blue, dash-dots), Si-DEEP is a deep depletion silicon camera
(green, dashes), while Si-EMCCD is an electron multiplied silicon charge coupled device
(red, dots). The spectrum of electroluminescence from a silicon wafer solar cell is shown
as a black solid line.
Figure 4.1.4: In (a) the diffusion length image obtained from a light beam induced
current measurement on a silicon wafer solar cell having a photovoltaic efficiency of 15%
is shown. (b) Same as (a) for the 17% efficient cell.
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4.1.3 Ratio images of multicrystalline silicon wafer solar cells
Ratio images and ratio to diffusion length curves were computed for electroluminescence
images generated based on the model discussion in Section 2.3.4. The diffusion length
images for the multicrystalline silicon wafer solar cells (see Figure 4.1.5) shows that
the diffusion length is far from homogeneous across the cell. These values may suffer
from some problems with the model. For large diffusion lengths, as can be seen in the
image of Figure 4.1.1, a precise value is harder to obtain as the ratio to diffusion length
curve shows a negative second derivative for rising diffusion length. As the diffusion
length approaches the thickness of the solar cell (which is approximately 200µm) it
is not possible to obtain a difference in the luminescence emission. Long wavelengths
may undergo multiple reflections inside to the cell, making the spatial resolution of the
imaging lower, and leading to errors in the model, which accounts only for a single
reflection at the back of the cell.
The resulting images for a variety of pairs of filters tested are shown in Figure 4.1.5
for both the 15% (low diffusion lengths) and 17% (high diffusion lengths) efficient silicon
wafer solar cells. These images show differences to the LBIC diffusion length images of
Figure 4.1.4 especially with the high efficiency cell, and for luminescence spectra acquired
at long wavelengths. The long wave emission of Fig. 4.1.5 (e) and (f) obtained from
the indium gallium arsenide sensor in particular shows limited correlation to the LBIC
generated diffusion length data of Fig. 4.1.4. Various optical properties of different
grains of the multicrystalline silicon material may be observed. This is due to the long
penetration depth of luminescence spectra at long wavelength which are not detected
by the silicon cameras. Due to the large difference in the optical penetration depth
computed from 1/α(λ), as shown in Fig. 2.2.3, large differences in the images for various
bandwidths of emission are expected, as observed.
Differences between images of Fig. 4.1.5 (a) and (b), to that of (c) and (d) are
due to the fact two different cameras were used. In one case, Fig’s 4.1.5 (c) and (d)
exhibit higher vignetting of the images, probably due to a difference in the aperture
stop position and placement of filters in the instrument. The most sensitive camera can
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Figure 4.1.5: On the left and right column are electroluminescence ratio images of two
multicrystalline silicon wafer solar cells having photovoltaic efficiencies of 15% and 17%,
respectively, as shown in Figure 4.1.4. Images (a) and (b) were obtained using short
pass filters having cut-off wavelengths of 1050nm and 900nm and the deep depletion
silicon camera. Images (c) and (d) were obtained using short pass filters having cut-off
wavelengths of 1000nm and 900nm, and the silicon EMCCD camera. Images (e) and (f)
were obtained using interference filters having cut-off wavelengths of 1150nm (long pass
filter) and 1050nm (short pass filter), and the indium gallium arsenide camera. We may
see that some regions of the silicon show features associated with the grains, or surface
optical properties. The long diffusion length sample (17%) tends to give saturated ratio
signals. The resulting images are difficult to quantify, and look similar to forward bias
luminescence images like that obtained in Figure 1.3.1.
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be observe to exhibit a reduced contrast, probably because of a non-linear sensitivity
of the Si-EMCCD array to low levels of light. This makes an appearance of higher
contrast in images in Fig. 4.1.5 (c) and (d) compared to 4.1.5 (a) and (b). The images
of Fig. 4.1.5 (a) and (b) were acquired with a camera that can be cooled to a much lower
level, and so lower light levels are detected. This silicon deep depletion array as well is
sensitive to longer wavelength radiation, in contrast to the Si EMCCD camera. Finally,
small spatial misalignments may be caused during the experiment due to placement of
the filtering systems. This may cause lower resolution of the ratio images which are
computed assuming perfect alignment of the two images on each pixel. Care was taken,
however, to avoid this effect.
4.1.4 On the practical application of diffusion length imaging based on the
ratio method
In practice, diffusion length imaging of silicon wafer solar cells using the ratio imaging
method requires detailed measurement of the optical components used. Errors in the
spectral transmission of the interference filters used in the experiment and inaccurate
specification of the spectral quantum efficiency of the cameras can lead to differences
in the absolute diffusion length quantified. Thus, it is difficult in practice to achieve
absolute values using the method.
The ratio method for diffusion length imaging is useful in obtaining the contrast and
locating defects, similarly to the forward bias panchromatic electroluminescence imaging
method reported by Fuyuki [197]. When an experiment is accurately performed, the ratio
method is most accurate for diffusion lengths shorter than the cell thickness, and tends
to reduce in contrast and accuracy for diffusion lengths larger than one cell thickness
(about 170µm onwards). Thus, the method is most applicable to characterization of
defective regions of a solar cell, given that solar cells are engineered so that the charge
carriers will diffuse to the junction regions near the upper device surface. It is observed
that for various combinations of filters, especially when allowing the detection of long
wavelengths, the resulting images differ from the LBIC images. Such imaging may
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Figure 4.2.1: Detection wavelengths for the various diode breakdown luminescence im-
ages. The scale at the right shows the transmission curves of the long-pass filters used.
The scale at the left shows the quantum efficiency of the silicon charge coupled device
camera and the indium gallium arsenide camera.
indicate other effects such as the optical properties of the solid, or the optical behavior
of various grains in the material.
Extension of the model numerically is possible, though consideration should then
be given for lateral transport of the photons, complicating the issue further [451]. As
well, consideration of the reabsorption of luminescence due to texturing of the silicon
can improve the model for diffusion length imaging.
4.2 Luminescence emission related to defects in silicon wafer solar cells
Studies on electroluminescence imaging of silicon wafer solar cells under reverse-bias have
shown strong spatial correlations to defects in these solar cells [177, 255, 302]. As well,
the emission of sub-bandgap luminescence indicates the presence of defects as localized
states in the silicon semiconductor [1, 5, 298]. In this Section, the defect topography
of a silicon wafer solar cell is studied by utilizing voltage control in combination with
spectral analysis of electroluminescence signals.
4.2.1 Reverse-bias luminescence and sub-bandgap luminescence
In 2007 Dreckschmidt [298] performed a reverse-bias version of Fuyuki’s electrolu-
minescence experiment which showed that defective regions of the solar cell gave lumi-
nescence related to diode breakdown of the silicon photovoltaic device. Such an image is
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Figure 4.2.2: Forward-bias electroluminescence (a) is compared to two kinds of defect
luminescence images; sub-bandgap luminescence (b), and reverse-bias luminescence (c).
It can be seen that different defects identified by the forward-bias luminescence technique
are distinguished using the defect luminescence procedure, as shown for two different
defective regions which are encircled. The defects inside the green solid square may be
dislocations, while the defects in the yellow solid circle are likely metallic impurities near
the junction which cause breakdown of the photovoltaic device.
shown in Figure 4.2.2(c), where bright regions of the silicon wafer solar cell are attributed
to defective areas of the device. Studies of defect characterization of silicon wafer solar
cells reported that the breakdown luminescence has a broad emission peak in the visible
part of the electromagnetic spectrum centered at about 700nm [177, 255].
This emission spectrum suggests that a nonlinear energetic interaction is occurring in
the silicon wafer solar cell in the form of impact ionization, causing the peak intensity of
the luminescence to be blue-shifted compared to the silicon band-to-band luminescence
(which peaks at a wavelength of 1120nm at 300K). This blue shift was proposed to
be due to emission of electromagnetic radiation near defects where large current flows
form micro-plasmas [452]. Under reverse-bias, the depletion region expands into defects
of the cell creating strong electric field gradients which act to accelerate electrons, which
in turn emit higher energy photons [177, 302].
Defect luminescence imaging has been shown to correspond to defects due to diode
breakdown and dislocations in silicon [1, 177, 255, 302]. It was observed in this work that
the breakdown luminescence extends far into the infrared portion of the electromagnetic
spectrum [1], in contradiction to the spectrum reported in previous studies of breakdown
luminescence [118, 177, 255, 302]. This suggests that reverse-bias luminescence may be
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Figure 4.2.3: Reverse-bias luminescence is found to be broadband by using a set of
long-pass interference filters and two cameras with different spectral detection ranges.
On the left a image is obtained in the visible spectrum. In the center and to the right
an indium gallium arsenide camera was used with two different interference filters, as
marked below the images.
broadband and located around the indirect bandgap energy in silicon, or that it may be
blackbody radiation due to high temperature regions in the microplasma. Otherwise,
the spectrum may be thermally broadened around the indirect bandgap energy by the
high resistivity and heat in the reverse-bias mode of operation causing thermal noise.
The diode-breakdown luminescence spectrum was reported to peak in the visible
range of the electromagnetic spectrum at around 700nm, suggesting that photons with
energies higher than the silicon bandgap are emitted. In this experiment, broadband
reverse-bias breakdown luminescence spanning the wavelength range of 400nm to 1600nm
is performed using both silicon and indium gallium arsenide cameras with a set of long-
pass filters in the range from 900−1500nm. The detection spectrum of the experimental
apparatus is shown in Figure 4.2.1.
It is also observed that sub-bandgap luminescence (typically associated with dis-
locations [186, 187, 453, 454]) and breakdown luminescence (associated with impurities
[117, 455]) do not correspond one-to-one, and thus in principle allow electroluminescence
imaging to distinguish different types of defects in the silicon material. These assump-
tions are studied by way of utilizing x-ray fluorescence measurements on various regions
of the sample. This work was completed in part my Natalia Palina [456, 457].
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4.2.2 Using voltage control and spectral analysis to enhance electrolumi-
nescence imaging
Experimental control parameters which were used to obtain the images include tem-
perature control, spectral analysis with band-pass filters, and applied current and volt-
ages. Both a silicon camera (Andor, Luca-R) and an indium gallium arsenide camera
(Xenics, Xeva 1.7-640) were used to provide a total spectral range of detection from
400− 1600nm (400− 1100 silicon / 980− 1600 indium gallium arsenide).
Data of both forward and reverse-biased luminescence images were obtained in a
number of spectral bandwidths. Spatially resolved electroluminescence images were ob-
tained using a 1 megapixel scientific-grade electron multiplied silicon charge coupled
device (Si-EMCCD) (Andor, model Luca-R), as well as a 620 by 512 pixel scientific-
grade indium gallium arsenide array (Sinfrared, model Xeva 1.7-640) allowing spectral
analysis of detect luminescence from approximately 400nm to 1600nm. The quantum
efficiency of these cameras is shown in Figure 4.2.1. A series of long-pass filters were
used with cut-off wavelengths spaced by 50nm intervals ranging from 900− 1500nm to
study the spectral emission of the biased solar cells using the cameras. All of the long
pass filters were analyzed in a photospectrometer to quantify their spectral transmission.
Three operating temperatures, 25◦C, 70◦C, and 115◦C were used, while sub-bandgap
electroluminescence (forward-biased), breakdown electroluminescence (reverse-biased),
and band-to-band electroluminescence (forward-biased) images were recorded using the
long pass filters to image in different bandwidths. Voltage parameters for the forward-
bias images were 0.6 − 1.2V with current flows of 1.4 − 7.3A, respectively. For the
reverse-bias images, the voltage was set at −17V Volts with 11.3A. The integration
time of the charge coupled device was optimized in order to maximize the signal-to-
noise ratio of the images, and was on the order of 1 second.
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Figure 4.2.4: Sub-bandgap luminescence image (red) and reverse-bias image (blue) of a
multicrystalline silicon wafer solar cell. The image illustrates two kinds of defects. In
blue, luminescence is emitted at regions that show reverse-bias current flow. This kind
of defect is due to breakdown of the junction of the solar cell. Such defects are generally
considered to result from metallic precipitates or atomic centers in the crystal which
are embedded near the junction. These introduce energy levels allowing the reverse
flow of current across the solar cell junction. In red, luminescence is emitted at energy
centers which are associated with sub-bandgap energies in silicon due to the presence of
dislocations. Such dislocations are regions of trapping, recombination, and can also lead
to high levels of metallic precipitation, which contributes even further to recombination.
This same cell is characterized in Figures 1.3.1, 1.3.2, and 6.1.2.
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4.2.3 Results from the luminescence investigations and their association
with defects in silicon wafer solar cells
In Figure 4.2.2 (and Figure 1.3.1), an electroluminescence image in the forward-biased
mode is shown, with luminescence detection performed over the spectral range of ≈
900nm to 1600nm. In the same Figure, we see dislocation luminescence which is from
electroluminescence imaged in the band of 1400−1600nm (Fig. 4.2.2(b)), and a reverse-
bias image which shows breakdown luminescence (Fig. 4.2.2(c)). The images show that
defects of the forward-biased image correspond with the dislocation luminescence and
breakdown luminescence of Figure 4.2.2. However, as can be seen in Figure 4.2.2, the
defects may be distinguished between breakdown and dislocation at some places of the
cells which are marked in circles in the Figure. For example, heavy metal impurities or
crystal growth parameters may give distinct luminescence signals in the dislocation and
breakdown images, as well as spectral signatures.
Figure 4.2.2 shows that sub-bandgap and diode breakdown luminescence show no
systematic correlation to each other other than at regions of overlap which presumable
include impurity precipitates, as they exhibit some overlap, and notable distinction in
their respective topography. The images are nearly the inverse image of the forward-bias
band-to-band electroluminescence image when they are combined. This suggests that
reverse-bias and sub-bandgap luminescence can be attributed to the defects present in
the photovoltaic device which cause bulk recombination (dark regions of the forward-
bias electroluminescence images), and that breakdown luminescence and sub-bandgap
luminescence images obtain distinguishing features of the defects, since they are not
correlated one-to-one over the surface of the photovoltaic device.
Figure 4.2.3 shows reverse-bias electroluminescence images in various bandwidths of
the experimental apparatus (Figure 4.2.1). These images indicate that the reverse-bias
luminescence spectrum is broadband and does not have a peak in the visible spectrum.
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4.2.4 Summary of the investigations of defect luminescence from silicon
wafer solar cells
Diode breakdown in silicon wafer solar cells leads to broadband luminescence that ex-
tends far into the infrared part of the electromagnetic spectrum, in contrast to what
has been reported in the literature by various authors. This observation could assist to
improve the physical model of diode breakdown and enhance defect characterization of
silicon wafer solar cells. It is likely that the reverse-bias breakdown emission is centered
on the bandgap of silicon, and that the spectra measured showed a peak at the maximum
quantum efficiency of the camera used.
It was observed that by analyzing the luminescence in different spectral bands us-
ing interference filters and controlling the voltage applied to the silicon wafer solar cell
allowed distinction between different kinds of defects in the solar cells. Further investi-
gation into the nature of those defects, and the correlation to the energy of the detected
emission and the applied voltage may lead to more specific results on the specific defects
present in the solar cells. At present, it is observed that the presence of dislocations
does not generally lead to device breakdown, and reverse-bias luminescence.
The addition of structural and chemical analysis is needed to further develop these
techniques for spatially resolved defect analysis of silicon wafer solar cells. This was de-
veloped using x-ray fluorescence measurements with synchrotron induced x-ray emission,
and is presented in Section 4.3 below.
4.3 Elemental analysis of defects in silicon wafer solar cells correlated
to their luminescence characteristics
Synchrotron induced x-ray emission (SRIXE) [458, pp. 117-154] was used to perform
x-ray fluorescence (see [459, pp. 43-53], and [460]) for characterization of the elemental
constituents of a multicrystalline silicon wafer solar cell observed to yield luminescence
associated with defects, as discussed in Section 4.2. The defects were categorized by two
broad classes, those yielding reverse-bias luminescence, and those yielding dislocation
related luminescence. It was hypothesized, and shown, that regions yielding dislocation
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luminescence will not necessarily include metals, whereas regions yielding reverse-bias
luminescence contain metal atoms which lead to reverse current flow across the junction.
4.3.1 Luminescence from defects in silicon wafer solar cells
Defects in silicon wafer solar cells have been observed to give luminescence that is char-
acterized spectrally and by the voltage at which it occurs [1, 177, 302], as seen in Section
4.2. In a previous study, two types of defect luminescence may be observed using passive
optics to analyze different luminescence bands while controlling the voltage settings [1].
This is an advantage since the imaging aspect of luminescence measurements can be
retained to identify defects if their origin is then understood [254]. Defects in silicon are
important for understanding how to utilize low-cost multicrystalline silicon materials
for photovoltaic devices, and many studies on the topography of defects in silicon wafer
solar cells have been completed [461–463].
The multicrystalline silicon wafer solar cell studied using x-ray fluorescence had an
efficiency of 15.5% with Voc of 594.6V , Jsc of 33.4mA/cm
2, and fill factor of 77.9.
An electroluminescence image of this sample is shown in Figure 4.3.1(a). Fig. 4.3.1(b)
shows the combined spatial topography of its defect-related luminescence, including both
reverse-bias electroluminescence and sub-bandgap electroluminescence (Figs. 4.3.1(c)
and (d), respectively) which exhibit both spatially independent and overlapping regions,
as delimited by the boxes. R1 exhibits primarily sub-bandgap electroluminescence, R2
exhibits primarily reverse-bias electroluminescence, while R3 exhibits no defect lumi-
nescence. The majority of the solar cell includes some form of defect, as indicated in
Fig. 4.3.1(b). Note that the bright regions of Figures 4.3.1(c) and 4.3.1(d) are due to
detection of luminescence emission associated with the defect, while the dark regions of
Figure 4.3.1(a) is due to the decreased indirect-bandgap emission associated with the
rising electrical recombination rates due to the defects at these regions.
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Figure 4.3.1: (a) Electroluminescence image of a multicrystalline silicon wafer solar cell,
and (b) defect luminescence image of the same cell showing both reverse-bias electrolu-
minescence (labeled RebEL, blue) and sub bandgap electroluminescence (labeled SubEL,
red) topographies. (c) Reverse-bias electroluminescence and (d) sub bandgap electrolu-
minescence topographies of the same device. Yellow dots mark the positions of SRIXE
measurements.
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4.4 Analysis using synchrotron light source for x-ray fluorescence mea-
surements
SRIXE measurements were performed by Natalie Palina, Agnieszka Banas, and
Krzysztof Banas in atmosphere at room temperature with a phase-contrast image-
tomography beam-line at the Singapore Synchrotron Light Source (SSLS) operating with
an electron energy of 0.7GeV and with a bending magnet of 4.5T . The critical excitation
x-ray energy was 1.47 keV . This flux passed through a 500µm thick Be window and
50 cm of air before interacting with specific regions of the sample labeled R1, R2, and
R3 as shown in Figure 4.3.1. The x-ray beam spans 2 to 12 keV with a peak at 3.8 keV
and maximum brilliance of ≈ 1010 photons/s/mradH/0.1%, and was directed with a
45◦ incidence angle onto the multicrystalline silicon wafer solar cell. This source had a
silicon penetration depth of 8.5± 1.5 cm.
The beam line aperture was adjusted to provide a 1mm2 square spot onto regions of
the cell marked in Fig. 4.3.1. The x-ray emission was acquired over 900 s on a thermo-
electrically cooled Si-PIN photodiode (AMPTEK, XR-100CR Si:Li) with a resolution
of 250 eV at 5.9 keV . The sample to detector distance was 0.5 ± 0.2 cm to minimize
scattering and increase sensitivity. Recorded SRIXE spectra were analyzed using a
software package (Cross-roads Scientific, XRS-FP). The analysis included calibration,
smoothing, baseline correction, normalization, extraction of characteristic intensity lines,
and peak integration. For reference, a float-zone silicon wafer was studied using this same
experimental apparatus.
4.4.1 Experimental results from SRIXE analysis
Figure 4.4.1 shows the resulting x-ray fluorescence spectra from regions R1, R2, and
R3, as well as the float-zone reference sample. In both regions R2 and R3, similar x-ray
emission line intensities were observed, including those indicating Zn (K-lines), and Pb
(L-lines). These are metals commonly present in the paste used for forming a front-
grid contact on a silicon wafer solar cell, and most likely are detected due to the large
(1x1mm2) irradiated area on the sample, and the fact that SRIXE was performed on
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Figure 4.4.1: (a) Calibrated SRIXE spectra showing both spectra from regions of sub-
bandgap (red), and reverse-bias (blue) luminescence emission, as well as defect-free re-
gions of the sample (green) after background subtraction. For reference, the spectrum
from a float-zone (FZ) silicon sample is shown (black). (b) The inset shows selected
concentrations of metals computed using quantitative SRIXE, as labeled.
the fully processed solar cell.
A somewhat different content of Ca (not shown), Co, Fe, and other 3d-transition
metals were found for both R2 and R3 regions. These earth metals could be introduced
into the multicrystalline silicon wafer during the production process, for example, during
solidification of the multicrystalline silicon ingot, or could be present in the material
used to form the ingot. The main difference in the SRIXE spectra is observed to be a
presence of strong Co x-ray emission line in the spectrum taken in the region labeled
R3. This observation was both repeatable if spectra were taken at the same point, and
consistent if spectra were accumulated at different points inside different R2 and R3
areas. Various areas of the silicon wafer solar cell which were studied using the method
are marked as yellow dots in the image of Figure 4.3.1. The results indicate that reverse-
bias luminescence is related to metal impurities, whereas sub-bandgap luminescence (in
the absence of impurity precipitation, as areas of overlap observed in Figure 4.3.1) is
related to crystallographic dislocations. These results are similar to results found in
the literature by Breitenstein [117, Figures 6 and 7] as well as Kwapil [455], and
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others [254, 463–467]. Thus, metallic precipitates or point defects can lead to reverse-
bias luminescence. This undoubtedly is related to the proximity of which these defects
are to the pn junction.
Since dislocations in silicon wafers tend to penetrate the entire thickness of the
wafer, and are not observed to always yield reverse-bias luminescence, the presence of
precipitation of metals in dislocations extending into the junction, or the presence of a
point metal defect near the junction are the likely candidates for reverse-bias emission.
As well, surface states and contamination due to processing at the top surface, such as
laser doping or isolation, and fast firing of ohmic contacts on the upper surface of the
solar cell are also likely candidates for this form of defect luminescence.
4.4.2 Summary and discussion on defect luminescence and x-ray fluores-
cence studies on multicrystalline silicon wafer solar cells
Multicrystalline silicon wafer solar cells were observed to yield luminescence associated
with defects. Defect topographies of both reverse-bias electroluminescence and sub-
bandgap electroluminescence were distinct from each other, while their combination
correlates strongly with regions of defects found using electroluminescence imaging. The
concentrations of elemental constituents found using SRIXE showed regions emitting
exclusively reverse-bias electroluminescence or sub-bandgap electroluminescence may be
distinguished by the relative presence or absence of metallic impurities, respectively.
The analysis indicates that generally, regions of reverse-bias electroluminescence corre-
spond with the inclusion of metals, particularly Co and Fe in this case, while regions
of sub-bandgap electroluminescence had chemical constituents closer to concentrations
measured on defect free silicon (float-zone silicon). Reverse-bias electroluminescence
may thus indicate the presence of metals, presumably near the pn junction of the pho-
tovoltaic device, while sub-bandgap electroluminescence may indicate a precipitate-free
extended defect in the absence of reverse-bias electroluminescence, at low reverse bias.
This suggests precipitate-free dislocations do not create strong shunts. Presumably,
dislocations in silicon do not allow strong reverse currents when their localized D-line
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energy levels [125, 468] are introduced in the pn junction. Perhaps the broad spread of
energies from metallic constituents (e.g. Co valence configuration 3d74s2) is the most
detrimental in allowing reverse current flow across the pn junction of a multicrystalline
silicon wafer solar cell, and thus causes shunting of multicrystalline silicon photovoltaic
devices, as a precipitate, substitution, or interstitial impurity atoms in the substrate or
device.
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5 Luminescence spectroscopy for characterization of sili-
con wafer solar cells
In this Chapter, the application of spatially-resolved luminescence spectroscopy is stud-
ied for characterization of silicon wafer solar cells. An imaging spectrometer instrument
is explored for two kinds of characterization. First, textured solar cells are measured so
that the pathlength enhancement of the device can be evaluated over the entire device.
The proposal is that the optical pathlength of the luminescence in the solar cell will
increase with the texturing, and that this effect may be detected due to the increased
reabsorption of luminescence [469]. Secondly, the electrical properties of the solar cell,
specifically the minority carrier diffusion length in the absorber [470], are inferred from
the measurements of the luminescence spectrum. More information may be found in the
literature [3, 4, 469].
5.1 Evaluation of the textured silicon wafer solar cell using lumines-
cence spectroscopy
Texturing of a silicon wafer solar cell is an important processing step that enhances
their absorption and reduces reflection losses of sunlight [471, 472]. After a photon is
transmitted into a solar cell, it may be trapped inside the solar cell. Texturing a solar
cell reduces the probability that a photon will escape the device, which potentially raises
the efficiency of the solar cell. A relevant parameter to quantify this improvement due
to the texturing process is the pathlength enhancement factor keff [471, 473–476].
An optical method using an imaging spectrometer with a narrow slit to resolve the
luminescence spectrum across the entire area of the silicon wafer solar cell was used. This
investigation demonstrates an optical monitoring system which may yield the pathlength
enhancement factor, and lead to characterization of silicon texture, and potentially a
instruments for a solar cell processing line.
103
5.1.1 Dependence of the luminescence spectrum on the pathlength enhance-
ment factor
Kirchartz et al. presented calculations on the quantum efficiency and reciprocity theo-
rems of solar cells [469]. Reciprocity models link the efficiency of luminescence emission
with the electrical device properties. Reciprocity was applied to characterization for
solar cells experimentally where characterization of the pathlength enhancement factor
of a silicon wafer solar cell was demonstrated [287]. This important parameter describes
the effectiveness of light trapping, as it represents, roughly speaking, the number of times
that a photon will traverse the thickness of a solar cell. The pathlength enhancement
parameter was evaluated by observing the spectral information of the luminescence with
a monochromator.
The spectrum of luminescence written as the energy E detected on a monochromator
or through a dispersive optical element for spectroscopy depends on the modified Kirchoff
radiation law as [469]







and thus the luminescence intensity I is related to the internal quantum efficiency Qi
of the solar cell. V is the junction voltage, R (E, x) is the reflectivity for photon energy
E at point x on the cell, and Ibb is the blackbody radiation (Equation 1.1.9). Equation
5.1.1 assumes that the solar cell can be modeled like an array of ideal diodes.
The internal and external quantum efficiencies Qi and Qe are related by
Qi (E, x) =
Qe (E, x)
(1−R (E, x)) . (5.1.2)
The measured luminescence spectrum may be related to the quantum efficiency through
Equation 5.1.1 to get Qi or Qe. Qe can be written as
Qe = (1−Rf )αkeff
∫ d
0
fc (z) dz (5.1.3)
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in a first order expansion of the photon generation rate, for weakly absorbed light (in the
infrared, see Figure 2.2.3) where the cell thickness along the z axis is d, fc is the collection
efficiency (solved previously [57]). Thus, using the spectrum, the quantum efficiency, and
then the pathlength enhancement may be evaluated. Equation 5.1.3 relates to the Beer-
Lambert law, since this may express the transmission of generated light in the silicon as
determined by the absorption, where the absorption may be enhanced by the textured
surface that multiplies the effective thickness of the material.
Applying hyperspectral imaging to luminescence in principle allows this data to be
obtained in a spatially resolved measurement [185, 477]. Obtaining images of the path-
length enhancement factor will allow evaluation of the homogeneity of the silicon texture
and pathlength enhancement, assuming other optical properties of the device remain the
same, which may help optimize silicon wafer solar cell texturing procedures.
Calculating the quantum efficiency from the luminescence spectrum allows the de-
termination of keff assuming values for reflection, the collection efficiency, and the ab-
sorption coefficient of silicon. Below, a hyperspectral imaging instrument was used to
evaluate the spectrum of luminescence of two different silicon wafer solar cells. Exper-
iments were performed on an average of regions of a silicon wafer solar cell, as well as
using hyperspectral images to obtain spatially resolved images of luminescence from the
textured samples.
5.1.2 Measuring pathlength enhancement of textured solar cells with a hy-
perspectral imaging instrument
Line-imaging spectroscopy [447] can be applied to enable the extraction of the lumi-
nescence spectrum at each point on a solar cell. The resulting hyperspectral image
of luminescence may characterize the photovoltaic material or device, advancing the
luminescence imaging technique for solar cells [3, 162, 183, 197]. In this Section, a line-
imaging instrument which can perform spatially resolved luminescence spectroscopy on
silicon wafer solar cells is investigated. The instrument was applied to analyze a textured
and an untextured multicrystalline silicon wafer solar cell. Detectable differences in the
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luminescence spectrum were observed.
This method allows spatially resolved and non-destructive characterization of PV
materials and devices. To demonstrate the capabilities of the used instrument, electro-
luminescence from an area of 2 cm by 2 cm on two multicrystalline silicon wafer solar
cells of different texture are scanned with the line-imaging spectrometer. Differences in
the spectrum of luminescence were detected between the two investigated samples.
Two multicrystalline silicon wafer solar cells (one textured and one untextured),
were selected for this study. The cells had a full-area rear electrode (Al) and an Ag
front electrode consisting of parallel fingers and two bus bars. The cell area is 232 cm2,
however, a 2 cm by 2 cm region on each sample was chosen for investigation. Photos of
the selected cell regions and their corresponding electroluminescence images are shown
in Figure 5.1.2. The textured surface was realized using an acid-based texturing process,
resulting in a randomly textured surface. The untextured sample received a standard
KOH saw damage etch, resulting in a shiny-etched surface. As can be seen from Figure
5.1.2, the textured and untextured samples differ significantly in their surface reflectance.
The samples are expected to show differences in their luminescence spectrum (both
intensity and spectral composition), due to differences in the light trapping properties
of the cells which affects the reabsorption of luminescence in Si [4].
Electroluminescence intensity images were taken from both samples. Then, a 2 cm
by 2 cm region was selected on each sample that showed intense and homogeneous lu-
minescence. The samples were held at a constant temperature of 25C◦ using a thermo-
electrical controller operating on the back contact of the solar cell. The top contact was
realized using a linear array of contact needles. Electroluminescence was generated us-
ing a voltage that generated a dc forward current density of approximately 40mA/cm2
through the solar cell. Using a screw thread, the entire electroluminescence assembly
was translated transversely to the axis of the spectrometer slit, with a spatial precision
of 100µm. This enables the entire solar cell to be scanned through the line-imaging
spectrometer so that a hyperspectral image may be generated.
The samples were translated in steps of 2mm to scan the entire 2 cm by 2 cm area
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Figure 5.1.1: The electroluminescence of the entire solar cell showing the section of the
cell scanned with the hyperspectral imaging tool in the red box.
shown in Figure 5.1.2. A maximum spatial resolution of 300µm in the axis along the slit,
and 300µm along the axis of translation of the sample was achieved. For the ease of data
acquisition and processing, the slit was adjusted to a width of 2mm, effectively averaging
the spectrum to a spatial resolution of 2mm perpendicular to the slit. Averaging was
performed parallel to the slit to match the spatial resolution perpendicular to the slit.
The effective spatial resolution yields a 10 by 10 point map of the investigated 4 cm2
region on each sample. Background images were taken for noise subtraction on all
the spectral images generated. The spectrometer wavelengths were calibrated to the
spectrum of an Ar lamp. The error in the wavelength is ±1.2nm, due to the finite size
of the pixels on the sensor. Less than 2% of the measured electroluminescence intensity
is due to thermal noise from the camera (see Figure 3.5.2).
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Figure 5.1.2: Electroluminescence intensity images (a and b) and photos (c and d) of
the 2 cm by 2 cm areas studied on the textured (a and c, left) and untextured (b and d,
right) multicrystalline silicon wafer solar cells. A representative region scanned (b and
d) is marked in Figure 5.1.1 by the red square.
5.1.3 Fitting procedures on the measured spectra
To compress the raw data obtained by the hyperspectral imaging instrument, a curve fit
was performed on each measured spectrum. For each individual spectrum, its location
was indexed spatially on the cell and the peak intensity was recorded. The spectrum
was then normalized to its maximum value and a fit was performed using a selected
distribution and a set of initial values that were found to allow convergence of the fit.
The fit parameters representing the distribution were then recorded and indexed at
their respective location on the cell, resulting in a set of parameters which represents
the measured spectrum at every point. The three distributions investigated for fitting
of the experimental electroluminescence spectra are summarized in Table 6. They are a




2σ2 + yint (5.1.4)
contains two main parameters (mean µ, standard deviation σ) and two additional pa-
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rameters to account for an amplitude A and y-intercept yint. The Gaussian distribution
is able to characterize the spectrum’s full width at half maximum, but does not cap-
ture the asymmetry of the spectrum. A skew Gaussian distribution was employed for
evaluation of the additional skew parameter which may describe the asymmetry of the
spectrum. The skew Gaussian distribution
Is(λ) = I(λ)Φ(α, λ) (5.1.5)
based on Equation 5.1.4 and the cumulative distribution function Φ(α, λ) contains three
main parameters; the mean µ, standard deviation σ, and skew α, and two additional
parameters to account for an amplitude A, and y-intercept yint.
This model fitted well to the experimental spectra, except for the linear tail at wave-
lengths above approximately 1200nm. The double-skew Gaussian is a linear combination
of two skew Gaussian distributions (Equation 5.1.5). The double-skew Gaussian is able
to reproduce the measured spectra, however, as it has 9 fitting parameters, it is difficult
to relate the parameters to the physical properties of the spectra.
5.1.4 Resulting measured spectra of the textured samples
The spatial average of the spectra obtained over the entire 2 cm by 2 cm area of the
textured and untextured solar cells is shown in Figure 5.1.3. A small difference in
the spectral signature is observed between the two samples. This indicates that the
instrument is sensitive to small variations in the spectrum of luminescence. A slight
increase in the short-wavelength absorption is seen for the textured sample, resulting in
a shift in the peak wavelength of the spectrum towards the infrared, and a decrease in
the width of the spectrum, as shown in Figure 5.1.3. Table 6 shows the spatial average
of three parameters obtained by fitting the spectrum of luminescence to the two different
Gaussian distributions, as discussed above.
The Gaussian and skew Gaussian fitting parameters were finally assessed to create
images of both the textured and untextured solar cells as shown in Figure 5.1.4. A
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Figure 5.1.3: The average spectra of the scanned regions are shown normalized to the
maximum intensity. The textured sample (blue solid line) was shifted to the infrared
range, while the untextured sample (red dashed line) was shifted slightly to the visible.
This effect is due to the reabsorption, which saturates on the lower end of the spectrum,
while the infrared luminescence in a textured cell will be enhanced due to more reflection
at the rear of the solar cell, which directs more of the infrared luminescence out of the
top surface of the cell.
summary of the results for three parameters is shown as a spatially resolved image: the
Gaussian standard deviation σ, the shift of the peak wavelength (computed from the
skew Gaussian fit using an independent algorithm) and the skew Gaussian parameter µ.
It is observed that the maximum intensity is shifted to longer wavelengths. The skew of
the textured cell tends to be lower than the skew of the untextured cell. Inhomogeneities
in the spectral signature at various points on the samples can be seen in the images. This
demonstrates the ability of the line-imaging spectrometer to perform spatially resolved
characterization of silicon wafer solar cells.
It can be seen that features of the fit parameters correspond with some features of the
electroluminescence images, such as the visible dark spot seen in both Figure 5.1.2(b)
and in Figure 5.1.4(b,d, and f). This is due to a reduction in the effective diffusion
length, and not the texturing. However, in so far that the spectrum may be associated
with an electrically homogeneous region of the sample we can access the texture.
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Figure 5.1.4: Spatially resolved images of the three fit parameters for the 2 cm by 2 cm
region of the textured cell (a, c and e, left column) and the untextured cell (b, d and
f, right column). Spatial averages of the parameters are summarized in Table 6. The
skew and sigma parameter are unit less. These fit parameters show sensitivity to inho-
mogeneities on the samples, such as shifts in the wavelength at the peak intensity or the
measured standard deviation of the spectra.
Table 6: Parameters of the fitted spectral curves shown in Figure 5.1.4. The curves
represent the average of all 100 measured points in the investigated 2 cm by 2 cm region
of the untextured and textured cell. The symbols α and σ are as defined in the text. A
clear difference can be seen in the spectra from the textured and untextured sample.
Distribution, parameter Textured sample Untextured sample
Skew Gaussian, α -1.42 -1.11
Skew Gaussian, Peak wavelength 1136 nm 1127 nm
Gaussian, σ 43.7 45.2
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5.1.5 Discussion on the evaluation of the pathlength enhancement factor
using luminescence spectroscopy
In principle it is possible to extract a spatially resolved image of the pathlength enhance-
ment factor of a textured solar cell, yet the current work has not achieved the absolute
value of the factor keff , and only shows relative differences in the pathlength enhance-
ment between two differently textured cells. Determination of absolute values of keff
will require an intensity calibration as well as a spectral calibration of the instrument,
as well as an exacting model accounting for all assumptions of the sample. In principle,
this should be possible for monocrystalline wafers, however, the large variations in the
diffusion lengths of a multicrystalline silicon wafer will affect the spectrum strongly. This
means that evaluation of the texture of these samples will be difficult, since features of
the spectrum are strongly affected by other sample parameters which are not constant.
The measurements performed above do show that there is some variation of the path-
length enhancement factor across the solar cells. However, further work is required to
determine whether or not the method is able to measure pathlength enhancement factors
of silicon wafer solar cells.
5.2 Determining the electrical properties of a multicrystalline silicon
wafer solar cell with a hyperspectral imaging instrument
Characterization of the effective diffusion length of the minority charge carriers is im-
portant for understanding a photovoltaic device. Such characterization was developed in
this work by using a specific feature of the luminescence spectral signature. It is shown
that material and device parameters affecting the luminescence spectral signature may be
determined independently. Effective diffusion length images derived from the proposed
hyperspectral method are assessed against effective diffusion lengths obtained by light
beam induced current measurements. Using hyperspectral imaging, effective diffusion
lengths of minority charge carriers in a silicon wafer solar cell can be determined.
Non-destructive, spatially-resolved characterization is useful for developing high-
efficiency photovoltaic (PV) devices [162, 197]. Luminescence-based characterization
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Figure 5.2.1: Four distributions (black solid lines) fit to a single measured EL spectrum
(red dots). The normal (a), skew normal (b), lognormal (c), and double skew normal
(d) have R2 values of 0.990, 0.995, 0.984 and 0.997, and the average time to fit 5390
spectra was 14ms, 12ms, 97ms and 40ms, respectively. The images of Figures 5.2.3(b,
c) were generated using the λp parameter marked in (a) and (b). Silicon bandgap
luminescence extends below 900nm, but the spectrum drops near 1000nm due to the
quantum efficiency of the indium gallium arsenide camera.
of silicon solar cells has progressed rapidly to this purpose [160, 185, 274, 347]. Such
measurements employ a scientific camera, resulting in a panchromatic luminescence im-
age [287] where the integral of all detected wavelengths occurs on the sensor. This
enables spatially-resolved measurement of typically large-area devices made by the PV
industry, but is based only on the luminescence intensity.
Luminescence imaging using optical filters to measure specific spectral bands has
been demonstrated for detection of defects [5] and characterization of electrical properties
[204] of silicon solar cells. Alternatively, hyperspectral imaging acquires the luminescence
spectrum at each point on an object, which may be used to characterize PV materials
and devices [4, 185, 478]. In this work, a line-imaging spectrometer [4, 447] and a single-
axis linear stage were used to perform area scans of multicrystalline silicon wafer solar
cells to evaluate their electrical properties.
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5.2.1 Quantifying the luminescence spectrum
This Section follows from the theoretical model of the generalized Planck law presented
in Chapter 2. The spatially-resolved hyperspectral data may be quantified using the gen-
eralized Planck law [279, 346] as shown previously. The detected electroluminescence
spectrum depends on the emitted spectrum and a wavelength (λ) dependent constant
instrument function F I (λ) containing the sensor quantum efficiency QE (λ) and a trans-
mission T (λ) accounting for the elements between the sample and sensor.
The instrument function F I (λ) may be characterized using a reference source of
known intensity and spectrum. The detected luminescence spectral signature can be
written using the minority carrier diffusion length Ld as
jdγ(λ, Ld) = F
I(λ)jγ(λ, Ld) (5.2.1)
where jγ(λ, Ld) can be solved for radiative recombination across the indirect silicon
bandgap.
The emitted luminescence is [276, 280, 346]
djγ(λ, Ld) = (1−Rf (θ))
∫∫∫
gγ(z, λ, Ld)A(z, λ, θ)dzdλdθ (5.2.2)
in the paraxial approximation where A(z, λ, θ) may be determined from Equation 2.3.36
and the Fresnel Equations 2.2.4 and 2.2.5. for cell thickness d, silicon absorption coef-
ficient α(λ), and reflection Rf/b from the front/back of the cell [346]. The reflections
are non-trivial functions of the emission angle θ, however, the angular dependence is not
considered here, similarly to other works [204].
Assuming a p-type wafer, radiative recombination between the excess carrier density
∆n and doping NA concentrations, and normalization constant K, the generation rate
at depth z in the cell is gγ(z, λ, Ld) = Kα(λ)e
−2h¯pic/kBTλNAne(z, Ld)/n2i [204]. Electro-




−ez/Ld + f+e−z/Ld (5.2.3)
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where n0e = (n
2
i /NA)e
qV/kBT , f± = r±/(r± + r∓e∓2d/Ld) and r± = 1 ± SLd/Dq, for
rear surface recombination velocity S, diffusivity Dq, intrinsic carrier concentration ni,
junction voltage V , electron charge q, Boltzmann constant kB and temperature T [204].
The main parameters which have been investigated by their effect on the lumines-
cence spectra are the rear surface recombination velocity S, which is of interest for
characterization, the diffusion length Ld of bulk minority carriers, and the voltage V
which must be removed from affecting the luminescence spectrum [197, 204]. Deriving
Equation 5.2.1 by κ ∈ {V, S, Ld} gives the change in the spectral signature dependent on
physical variables of interest including the junction voltage V , the surface recombination
velocity at the rear of the solar cell S, and the bulk diffusion length Ld of minority charge
carriers on the silicon solar cell.
∂F I/∂κ = 0 meaning that the constant response of the instrument does not depend
on the properties of the sample. This means that the constant instrument function must
be measured, or the instrument calibrated to a reference variable. Inspection shows κ
affects the spectral signature through the injection process through the excess carrier
concentration ne, so that
∂jγ





















































We note again that the angular dependence is ignored. However, the texture of the cell
will lead to a larger pathlength of the luminescence in the solar cell, and thus reabsorption
will also increase, as discussed in Section 2.3. This effect could be quantified in look-up
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Figure 5.2.2: (Comparison of the (a) effective diffusion length image obtained from light
beam induced current measurements of a silicon wafer solar cell (b) EL image of the
same cell using an indium gallium arsenide camera (c) the spatially-resolved spectrum
amplitude (the peak intensity of the spectrum), and (d) the integral of the spectrum
evaluated over the entire luminescence spectrum detected. The cell was scanned left-to-
right, resulting in the shadow and reflection seen from the contact assembly.
tables for various kinds of textured silicon. We will employ an empirical calibration of
our instrument so the texture effect may be ignored.
The characteristic behavior of the spectrum to changes in the set of physical param-












by inspection of Equations 5.2.4 to 5.2.6. This suggests the potential to characterize the
set κ by detecting specific features of the luminescence spectrum, with the effect of cell
parameters κ on jdγ being distinct. Separating the impact of various physical parameters
on luminescence emission may enhance characterization of PV materials and devices by
isolating them for independent determination [184].
For example, much work has focused on the bulk diffusion length characterization of
116
ingots since the back surface recombination is negligible in this case. It may be possible
to extract the front surface recombination velocity using the spectrum of luminescence to
complement other techniques such as internal quantum efficiency analysis [479]. Further
research on the impact of the bulk diffusion lengths and surface recombination veloci-
ties on the spectrum may thus allow the determination of both these parameters, which
would be useful for inline inspection. Currently, most characterization methods mea-
sure effective lifetimes or diffusion lengths of the charge carriers in a device [284, 347].
Hyperspectral imaging instruments thus have an advantage over luminescence intensity
imaging instruments.
5.2.2 Developing characterization of diffusion length of minority charge car-
riers from the luminescence spectrum
For example, diffusion length characterization was developed based on a specific feature
of the EL spectrum. Changes in the voltage (V , Equation 5.2.4) induce an amplitude
change ∆V/kbT , but changes in the diffusion length have an effect on local features of the
luminescence spectrum since the minority carrier distribution modifies the distribution
of photons which are reabsorbed in the silicon. The location of the spectrum peak,
the slope of low wavelength luminescence, and the spectrum skew are effected by Ld.
Comparatively, the effect of S is located at the cells rear boundary, and z is not included
in the integral over the cell depth in 5.2.5. The peak intensity of the spectrum occurs
at a wavelength which may be evaluated from the spectrum, which we denote as λp. To
some extent, the peak shift is not affected by S, depending on the magnitude of Ld, as
seen with the ratio imaging method as well [204].
Characterization of Ld based on the wavelength of the peak intensity λ
p is proposed.
An empirical λp versus Ld calibration dependent on the cell thickness, optical properties
like surface texture and reflectance of the back surface, and the rear surface recombina-
tion velocity was performed. Determination of the λp versus Ld relationship for various
types of PV devices may be completed using look-up tables, or analytically by solving
F I(λ).
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The empirical calibration is advantageous because an analytical description of lu-
minescence emission is approximate, particularly for textured cells where reabsorption
depends on the pathlength enhancement and the angular dependence of ray propagation.
Additionally, owing to the sensor properties, an intensity calibration is inconclusive over
a significant wavelength range where
jdγ(λ)/QE(λ) = noise/0. (5.2.9)
The empirical correlation must be determined for a distinct device. Its accuracy depends
on the spatial uniformity of parameters across the cell, their variation between cells, and
the accuracy of the reference Ld map.
5.2.3 Sample preparation and experimental procedures for luminescence
spectroscopy
Solar cells were prepared on 1.5 Ωcm p-type wafer substrates of 243 cm2 area collected
near the top of a multicrystalline silicon ingot grown by direct solidification. The wafers
underwent an industrial processing sequence including acid texturing, phosphorus emit-
ter diffusion targeting 65 Ω/sq sheet resistance, chemical edge isolation, and deposition
of an 80nm thick SiNx:H front surface passivation layer.
Ag and Al screen printing was used to form the front and back electrode. Ohmic
contacts were realized by co-firing in a fast-firing furnace. The cell efficiencies span
15−17%, obtained from an I-V tester. Light beam induced current (LBIC) measurements
[149] using excitation wavelengths of 406nm, 877nm, 949nm, and 979nm (Semilab,
WT-2000PV) were obtained to independently characterize the effective diffusion length
map of the minority charge carriers in the cell at a spatial resolution of 0.5mm as shown
in Figure 5.2.2.
To obtain the hyperspectral data, electroluminescence generated by applying 2V
forward-bias to the temperature-controlled (25◦C) solar cell was measured using a line-
scanning spectrometer (P&P Optica, PPO-HYPSPEC-001) calibrated using an Ar lamp
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Figure 5.2.3: The LBIC Ld map (a) shows correlation with a normal λ
p image (b) and
skew normal Ld image (c) generated using a λ
p-Ld calibration (solid blue) (d). The
calibration in (d) was derived from the skew normal distribution using the Equation
a + be−c(λ−d) with constants a,b,c,d. Comparatively, the mean, median and standard
deviation of the LBIC Ld distribution was 174.3µm, 171.8µm and 42.6µm while the
λp-Ld derived distribution was 183.4µm, 180.9µm and 36.5µm, respectively. Thus, the
relative errors were 5.2%, 5.3%, and 14.5%, respectively.
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to ±1.2nm accuracy, as reported previously [4]. An intensity calibration was not per-
formed, and the spectra here are thus presented knowing that the instrument function
is a constant for varying sample properties. The instrument aperture was adjusted to
realize a spatial resolution of 1mm by 0.3mm due to the size of the sensor array (Xen-
ics, XEVA1.7-640) which was integrated for 0.7 seconds per line for a total measurement
time of 109 seconds.
5.2.4 Data processing procedures for the spatially-resolved luminescence
spectra
Hyperspectral images with dark background subtraction were expressed in 16-bit gray-
scale images obtained from the camera array, from which 74970 spatially-indexed spectra
were then located on the cell. A moving median algorithm was applied to each spec-
trum which was normalized to the maximum intensity before intensity-wavelength fits
from 950nm to 1250nm were computed to characterize silicon indirect-bandgap lumi-
nescence (see Figure 5.2.1). A typical spectrum shows a peak at approximately 1120nm
wavelength, a slightly asymmetric normal form, and a linear tail at long wavelengths.
Four fit distributions were tested using initial values that allow fast fit convergence;
the double skew normal, skew normal, normal and log normal distributions had R2 values
of 0.997, 0.995, 0.990, and 0.984, respectively fitting the spectrum of Figure 5.2.1. The
average convergence time τf was established from 5390 spectra as 40ms, 12ms, 14ms
and 97ms. A merit R2/τf was used to select the normal and skew normal distributions
for compression of the data, having average values of 0.983 and 0.987 over the cell,
respectively. All fit parameters were indexed on the cell from which spatially-resolved
physical parameters may be derived. The peak wavelength λp at each point was accessed
directly from the mean of the symmetrical normal fit, and was found analytically when
using the skew normal fit.
The equations used for the fitting procedures are as follows. The Gaussian, or normal
distribution, is used with 4 parameters, the mean µ, standard deviation σ, amplitude A
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and y-intercept yint, and is written
I(λ) = A(2piσ)−1/2e
−(λ−µ)2
2σ2 + yint (5.2.10)
The Gaussian distribution is able to characterize the spectrum’s full width at half max-
imum, but does not capture the asymmetry of the spectrum. The skew Gaussian distri-
bution is derived from the Gaussian distribution with an additional parameter α and is
written
Is(λ) = I(λ)Φ(αλ) (5.2.11)
based on the cumulative distribution function Φ(αλ), which is written
Φ(αλ) = 1/2(1 + erf(αλ/
√
2)). (5.2.12)
The distribution is skewed right if α > 0 and left if α < 0. Similarly, the summation
of skew normal distributions may be implemented, leading to a double skew normal
distribution. Each skew normal includes a characteristic skew αi, mean µi, standard
deviation σi, amplitude Ai for i index by the sum. There is one y-intercept yint in such
a distribution, thus the double skew normal distribution includes 9 parameters. The









The empirical calibration was performed using a solar cell measured using both
the hyperspectral imaging instrument and LBIC (Figure 5.2.3(a)). A relationship as
in Figure 5.2.3(d) was derived observing luminescence spectra at regions of the sample
with known Ld. The monotonic relationship was used to generate the linearized diffusion
length image of Figure 5.2.3(c) using the skew normal fit. The time to fit the spectra
over the entire solar cell and compute from the parameters was 809 sec using the normal,
and 996 sec using the skew normal, which includes a convergence fit time of 782 sec plus
time to locate λp. These times may be reduced by developing the algorithm further, or
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by reducing the spatial resolution.
5.2.5 Resulting diffusion length images based on the spatially resolved lu-
minescence spectra
Other hyperspectral fit parameters such as the skew parameter or the full-width-half-
maximum were observed to correlate less with the diffusion length map obtained using
LBIC than the λp parameter did. This parameter was not affected by a change in
voltage and depended by an order of magnitude less on S than Ld. The relative errors
of the skew normal peak shift method to LBIC were 5.2%, 5.3%, and 14.5% comparing
the mean, median and standard deviation of the distributions, respectively. Observing
Figures 5.2.3, we found the moving median and background subtraction routine affected
to some extent regions of the derived diffusion length image. In particular, these methods
lead to a further reduction in the spatial resolution.
In summary, hyperspectral imaging of photovoltaic materials and devices has po-
tential to advance their characterization. Processing routines and fitting methods of
the hyperspectral data were developed. It is suggested that the spectral signature of
luminescence may distinguish physical device parameters affecting luminescence. The
assessment of the wavelength of the peak intensity λp of the spectrum was used for the
characterization of the diffusion length in the solar cell. The resulting Ld image is shown
to correspond reasonably well with the LBIC Ld map.
Further analysis of the spectral signature may yield improvements in luminescence-
based characterization, specifically identification of ideally unambiguous correlations be-
tween cell parameters and spectrum fit parameters. A combination of fit parameters may
allow analyzing a wider range of cells, for instance, in terms of both the surface recom-
bination velocity and the bulk diffusion length of minority carriers without the need for
look-up tables. This instrumentation and method is expected to apply to silicon ingots,
PV modules, thin film devices, as well as non-silicon PV materials and devices.
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Figure 5.2.4: (a) As a simulation of the ratio imaging method [204], the resulting lumi-
nescence spectrum are integrated from wavelengths of 850nm to 950nm and as well from
850nm to 1000nm. This simulates the use of a short pass filter. The ratios obtained
should result in a diffusion length image of the solar cell. We can compare the images
as shown left and right in the figure and find some similarity in the maps. (Arbitrary
units used).
5.3 Summary and conclusion on spatially-resolved luminescence spec-
troscopy of silicon wafer solar cells
In this Section, a simple and robust optical instrument was introduced that yields the
spatially resolved spectrum of luminescence for characterization of photovoltaic mate-
rials and devices. The instrument was shown to enable hyperspectral imaging of the
electroluminescence from silicon wafer solar cells. The instrument is based on a line-
imaging setup whereby the field of view of the instrument collects data along a line on
the sample, and the sample is translated through the field of view until the entire solar
cell is scanned.
The instrument was used to investigate the spatially resolved electroluminescence
spectra of a textured and an untextured multicrystalline silicon wafer solar cell. The
detected electroluminescence spectra were shown to be slightly different for the investi-
gated solar cells. This demonstrates that the instrument is able to detect small changes
in the luminescence spectrum and that the electroluminescence and PL imaging methods
can be extended to hyperspectral imaging.
We also performed fits on the experimental electroluminescence spectra as a method
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to process data. This allows spatially resolved information to be presented based on the
fit parameters. These fit parameters may be used to characterize the solar cell by ex-
ploiting the entire measured electroluminescence spectra. It is expected that this method
will eventually enable the extraction of a variety of relevant solar cell parameters, such
as the lifetime or diffusion length of excess charge carriers in silicon, or the absorption of
a silicon wafer. For example, taking hyperspectral imaging to the photoluminescence in-
strument where the injection may be controlled to some degree by changing the injection
laser wavelength may allow evaluations of the surface recombination velocity.
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6 Polarization analysis of luminescence for characteriza-
tion of silicon wafer solar cells
In this Chapter it is shown that certain defects in multicrystalline silicon wafer solar
cells generate strongly polarized luminescence. Luminescence polarization anisotropy is
discussed as a phenomenon resulting from anisotropic spatial distributions of charge in
the luminescent material. The results presented in this Section may also be found as
journal articles [5, 6]. The observed polarization of the luminescence is attributed to
the structure of extended defects in the silicon wafer substrates used to fabricate silicon
wafer solar cells.
Various physical phenomena have revealed the polarization nature of light emis-
sion. For example, circularly polarized light has been observed due to recombination of
electrons of non-zero angular momentum (spin) injected into the conduction band of a
semiconductor [480]. Extended defects in crystals, including grain boundaries and some
precipitates, provide anisotropic structures in the material [327, 481, 482]. Understand-
ing these materials is important for the silicon feedstock supply for the photovoltaic
industry [483, 484].
In this work, the linear polarization of luminescence from silicon is studied. Defects
in a silicon wafer solar cell which are electrically anisotropic are hypothesized and shown
to emit polarized luminescence, conveying information on the structure of the defect and
the orientation of charge distributions in the optical process. In particular, luminescence
from regions of dislocations in multicrystalline silicon wafers is found to be significantly
polarized.
6.1 The nature of polarization anisotropy of emission
Polarization of emitted radiation is dependent on selection rules governing the radiative
transition process [205, 206], which constrains the momentum and energy conservation of
the emission process [485–487]. A fundamental radiation emission process is described
by Equation 2.4.14 which is the general Hamiltonian transition moment. This Equa-
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tion includes a Bloch band wave function representing the particles which recombine
and release electromagnetic radiation. The cross section of the interaction between the
material coupled to the electromagnetic field relates the structure of a material to the
orientation of the electromagnetic field observed as luminescence.
Polarized luminescence has been observed in structured materials such as nano-rods
[488], porous silicon [489], liquid crystals [490, 491], blended films [492], rubbed complex
polymers [493, 494], quantum wells [495], quantum dots, and a variety of other structured
materials [488, 496–502]. Material structures may be nearly macroscopic, microscopic,
or associated with the electronic bands of the material. Polarization emission is related
to the polarity of materials [78], or the alignment of dipole emitters associated with the
structure of the material, in a simpler, classical interpretation.
Considering the emission of radiation, in general, the anisotropy of polarization of
luminescence emission is always related to the structure of the material emitter and the
alignment of the excitation field causing emission [392, 497, 503, 504]. This is to say
that the polarization of luminescence is always related to the anisotropy of the system
from which emission of light occurs, which consists of the material and applied exter-
nal fields. Notably, polarized luminescence has been studied by manufactures of liquid
crystal displays in search of a polarized emission source to enhance display technology
[490, 491, 505, 506].
When representing the fundamental emission process of light by the transition mo-
ment interaction Hamiltonian, the spatial wave function of the material including the
energy and momentum of the material is considered. Conservation of energy and mo-
mentum through the coupling of the material to the emitted electromagnetic field will
govern the polarization anisotropy of the luminescence, as discussed in Section 2.4. The
energy and momentum conservation of the transition process which releases a photon of
light can be understood similarly when modeling the emission of light due to the accel-
eration of a charge, which may be used to describe classically the light emission process
[305, 307, 507].
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Figure 6.1.1: The linear oscillating dipole will emit a electromagnetic field with a po-
larization of the electric field E oriented in the plane constructed by the vector of the
dipole oscillator p and the observation direction R.
6.1.1 Spatial anisotropy of defects in silicon
Spatial anisotropy exists at a defect in the volume of a silicon wafer solar cell. In Figure
1.1.8, some defects can be seen to give non-symmetrical geometries in the crystal. For
example, a one dimensional extended defect in a silicon crystal known as a dislocation
[508–510] causes anisotropic strain or stress in the crystal [325, 328, 395]. This effects
the Bloch band of the local semiconductor and thus the emitted luminescence due to
the recombination process [481, 511]. Other forms of defects which may yield polar-
ized luminescence include crystalline line or plane defects, and possibly point defects,
depending on the atomic element involved in the recombination process [192].
To a lesser extent, metals like iron in the silicon wafer solar cells also contribute to
electrical recombination in the photovoltaic device [509, 512] and also contribute to the
formation of precipitates in extended defects. These defects contribute to the electrical
recombination rate in the silicon solar cell, which in turn decreases the PV efficiency.
Today, multicrystalline silicon solar cells typically have an energy conversion efficiency
that is 1−2% absolute below their monocrystalline silicon counterparts of similar device
architecture. The record photovoltaic efficiency for multicrystalline silicon solar cells is
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20.3%, which was realised in 2004 for a small-area (1 cm2) solar cell [513].
6.1.2 Extended defects in multicrystalline silicon
A understanding of the effects of defects in multicrystalline silicon on the photovoltaic
efficiency of devices fabricated from this material are important for the use low cost
material. Studies on defects in multicrystalline silicon may be used for reducing the cost
of electricity generated using silicon wafer solar cells [512, 514–516]. Multicrystalline
silicon is widely used for the production of silicon wafer solar cells, whereby ingots of
high-purity silicon are grown by direct solidification in a crucible. This material is useful
for low-cost solar cell production; however, it is subject to inclusion of defects like grain
boundaries, dislocations, atomic impurities, and their precipitates [517]. As opposed
to monocrystalline silicon which has a higher production cost, multicrystalline silicon
contains high densities of extended structural defects [85, 516].
Grain boundaries are regions of higher minority carrier recombination rates than
dislocations in multicrystalline silicon wafers; however, they typically have a much lower
spatial density than dislocations [518]. Grain boundaries seed dislocations in the crystal
as a mechanism for reducing energy due to stress at the grain boundaries [252]. The
control of extended defects like grain boundaries and dislocations has been shown to
give rise to higher solar cell efficiencies [513, 519]. These control mechanisms reduce the
presence of dislocations and grain boundaries, and address the coherency and orientation
of extended defects [509].
It is these extended defects and their precipitates which give rise to large anisotropies
and bandgap energy levels, which are present in silicon wafer solar cells. The energy
may shift at a pn junction which is close to dislocations [520]. These defects are thus
of interest as subjects of observation for the polarization of luminescence. Thus, the
interpretation of polarization of luminescence emission from the multi-silicon wafer solar
cells at regions of extended crystalline defects may yield information relevant to charac-
terize the materials or devices used to enable photovoltaic conversion. Also, such studies
may allow a deeper understanding of the physics involved in crystallographic formation
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of defect structures in crystals, or the mechanisms by which photovoltaic performance
reduction occurs at regions of crystalline impurity. Since it is impractical to grow crys-
tals with extremely low entropy, all crystals include some form of disorder realized as
extended crystalline defects [521].
6.1.3 Polarized emission from a dipole oscillator
It is possible to reduce most light emission processes, including luminescence, to a tran-
sition moment model using an oscillator as described in Section 1.2.1 [196, 378, 522, 523].
Many emission processes are reducible to the first order term of the transmission moment
expansion which is the electric dipole [378, 524, 525].
A dipole emitter is pictured in Figure 6.1.1 showing the orientation of the respective
fields and a dipole emitter. Such a dipole oscillator can be considered as a luminescence
center due to recombination between the energy levels in the crystal’s bandgap or the
localized states as illustrated in Figure 6.1.3. The linear oscillating dipole will emit a
electromagnetic field with a polarization of the electric field E oriented in the plane
constructed by the vector of the dipole oscillator p and the observation direction R (see
Figure 6.1.3). When the dipole is constrained so that its vector does not change position,
it may be described as an anisotropic emitter which will yield polarized light.
If the movement of charge is modeled with a oscillator at a defect, one could refer to
the far field solutions which give polarized radiation along the oscillation direction, as
shown in Figure 6.1.1. At a defect, it may be allowed to oscillate in either direction, where
one direction will give a different confinement effect to the carriers than another direction.
Thus, the luminescence will be preferential to one kind of luminescence matching the
dipole oscillator direction. On the contrary, in pure silicon there would be an equal
ability of carrier to flow in an isotropic crystal structure and no polarization could be
measured, at least in the isotropic indirect-bandgap luminescence from silicon. It is
hypothesized that defective states of the silicon crystal of a silicon wafer solar cell will
show polarized luminescence signals, similarly to the above materials [488, 496–502] due
to the anisotropic flow of charge, or synonymously, the structure of the defect.
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Figure 6.1.2: A differential image of the luminescence seen through a polarization ana-
lyzer having orthogonal alignments, which was processed using an edge detection algo-
rithm. If the luminescence is polarized, the differential image is non-zero. Luminescence
is strongly polarized at the dark regions of this image. This is the same multicrystalline
silicon wafer solar cell as shown in Figures 1.3.1, 1.3.2, and 4.2.4.
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Notably, polarization of luminescence could also result from the presence of mag-
netic materials which inject electrons with a non-zero spin [526]. Upon recombination
occurring within the coherence time of the electron spin, the angular momentum will be
transfered to the photon resulting in a non-linear polarization of light. This may be use-
ful for distinguishing the kind of precipitates within dislocations, if any. However, this
is not explored in this Thesis experimentally. Also, observation of momentum conser-
vation from excitions emitting polarized photons has been observed [527]. At this point
the investigation is restricted to examination of linear light emission from dislocations
in multicrystalline silicon wafers, which are of common use in the photovoltaic industry
and of prime importance for reduction of cost of silicon wafer solar cells [508, 515, 528].
This may advance the luminescence imaging routines already in development for
characterization of silicon wafer solar cells as discussed in Section 1.3. Also, when com-
bined with luminescence spectroscopy, this may allow a measurement and understanding
of the energy and momentum relationships of defect regions in silicon materials, partic-
ularly extended defects in crystals, and may be utilized for characterization of defects in
silicon wafer solar cells.
6.1.4 Dislocation emission from multicrystalline silicon
Dislocations give rise to local states inside the energy bandgap which act as centers of
radiative recombination in the solar cell [529, 530], as illustrated in Figure 6.1.3. Ra-
diative recombination on these energy levels has been observed to depend on oxygen
content in the material [454, 531, 532]. The energy transition at dislocations have been
proposed to include donor levels from the conduction band, and deep trap states near
the middle of the silicon bandgap [439, 533], as shown in Figure 6.2.1. At room temper-
ature the dislocation related emission is a broad luminescence spectrum spanning from
approximately 0.75 to 0.9 eV .
Polarization of luminescence has been observed previously at dislocations in silicon
[206, 453, 534–540], and other materials. Drozdov showed the emission of partially
polarized light from a point on a dislocation in a silicon crystal [453]. Suezawa investi-
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Figure 6.1.3: Energy levels associated with dislocations in the silicon crystal are drawn.
These sub-bandgap energies result in the emission of luminescence from the crystalline
defects at energies and wavelengths centered at 0.80 eV or 1551nm, 0.87 eV or 1427nm,
0.93 eV or 1335nm, and 1.0 eV or 1241nm which are known as the D1 − D4 lines,
respectively.
Figure 6.1.4: (a) An electroluminescence image of a silicon wafer solar cell. (b) the cor-
responding sub-bandgap luminescence image of the same solar cell. The sub-bandgap
luminescence image was obtained using a long pass filter to remove the indirect-bandgap
luminescence of silicon which dominates the intensity of emission from the cell. The dislo-
cation luminescence may be seen at wavelengths longer than 1350nm. The sub-bandgap
luminescence can be seen to correspond with dark regions of the electroluminescence im-
age. The reduction of intensity of the electroluminescence image is due to reduced optical
recombination at those regions since the dislocations enhance non-radiative recombina-
tion.
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Figure 6.1.5: (a) Photoluminescence image of a raw silicon wafer which was processed
into a solar cell. The dislocation defects may be seen as fine dark lines spreading around
the wafer. (b) A high pass spatial filter may be used to delineate the dislocation lines
by removing spatially uniform regions of the image. Here, blue lines represent the
dislocation density, while the green regions show areas of very dense dislocations. This
same wafer was studied using polarization analysis of the dislocation radiation as shown
in Figure 6.1.4. Alternatively, chemical etching methods can delineate the dislocations
or other extended defects, however these are destructive measurements [541–543].
gated the polarization of luminescence at dislocations in silicon showing either parallel
or perpendicular orientations of the luminescence polarization occurs with respect to the
orientation of the dislocation on different crystal faces under observation [536], as well
as the temperature dependence of the dislocation related luminescence [537].
Figure 6.1.4 shows an image of electroluminescence emission from a silicon wafer
solar cell where dark regions can be seen in the image near defects, while the dislocation
luminescence from the same area of the multicrystalline wafer solar cell can be seen
to strongly correspond spatially with the defective regions of the sample. Large scale
defects are due to networks of dislocations which may commonly propagate from grain
boundaries in the crystal [128], causing increases in the electrical recombination activity
[544]. The dislocations in silicon result in well-defined energies in the emitted light
and are commonly referred to as the D1−D4 transition lines which become prominent
at 20 − 40K [454] shown in Figure 6.2.1. Note, these levels are not drawn to scale.
Dislocations in silicon are known to emit photons with energies of 0.80 eV (D1 line,
1551nm), 0.87 eV (D2 line, 1427nm), 0.93 eV (D3 line, 1335nm), and 1.0 eV (D4 line,
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1241nm), which has been verified by luminescence spectroscopy [289].
6.2 Partial polarization images of silicon wafer solar cells
The orientation of the maximum and minimum intensity of luminescence may be recorded
using a polarization analyzer, as discussed in Section 3.5.1. The degree of partial polar-
ization of luminescence is defined as
P (x, y) =
I (x, y)max − I (x, y)min
I (x, y)max + I (x, y)min
(6.2.1)
where I (x, y)max is the maximal luminescence intensity observed through a polarization
analyzer for ∀θ ∈ {0, 360 deg} with θ the rotational variable aligned to the transmitting
axis of the polarizer, and I (x, y)min similarly defined as the minimum intensity for ∀θ.
This parameter is unit-less and it may be evaluated such that spatially-resolved partial
polarization measurements may be obtained on distributions of defects in silicon wafer
solar cells. Experiments were performed to analyze the polarization of luminescence
from the first indirect bandgap of silicon, reverse-bias breakdown luminescence, and on
sub-bandgap luminescence (defect-related luminescence was also studied in Section 4.2).
The polarization axis of the analyzer was aligned in a rotation mount to the solar
cell. This polarization analyzer was rotated transversely to the propagation of light
detected by the instrument in steps of 5◦, covering possible orientations of the partial
polarization. Images of the sub-bandgap luminescence were taken at each angle θ to
obtain the luminescence intensity IA(x, y; θ) after the polarization analyzer at each pixel
of the indium gallium arsenide array.
In the case of using photoluminescence, the various orientations of the excitation
field should also be studied. For example, this includes the orientation and type of
polarization of the excitation laser. Subsequently, the emitted light may be viewed
through a polarization analyzer which is fixed such that the polarization axis of the
polarization analyzer is free to translate to various positions. In this experiment a
near-infrared linear polarization analyzer with an extinction ratio of > 10000 : 1 from
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750 − 1600nm, and > 100000 : 1 from 850 − 1800nm was used to perform a spatially-
resolved image of the the partial polarization of electroluminescence of a multicrystalline
silicon wafer solar cell. This simplified the experiment since the use of polarization
controllers was not needed at this time. Figure 6.2.1 shows a schematic of the experiment.
The polarization analyzer was rotated in steps of 5◦ while the images were obtained using
the camera to record the luminescence intensity over the entire solar cell through the
polarization analyzer.
6.2.1 Experimental procedure used to perform polarization analysis on de-
fect luminescence
The luminescence was recorded by a cooled indium gallium arsenide (InGaAs) camera
(Xenics, model XEVA1.7-640) with a 640 x 512 array of 20µm by 20µm pixels having a
quantum efficiency of approximately 80% in the 950−1600nm wavelength range. Thus,
broadband luminescence could be detected from the dislocations. The interference filters
may be removed to determine the indirect-bandgap luminescence. A long-pass filter with
a cut-off wavelength of 1350nm was used to record the sub-bandgap luminescence of the
solar cells.
Hence, only the 1350− 1700nm wavelength range was measured in this experiment,
well above the silicon bandgap (≈ 1120nm at 300K). This range of spectral detection is
appropriate to record broad-band images of the D1 and D2 dislocation luminescence. The
D4 line at 1.0 eV (1241nm) and the D3 line at 0.93 eV (1335nm) were not detected in
this experiment. The multicrystalline silicon wafers were held at a constant temperature
of 25◦C using a thermoelectric Peltier controller [545]. The temperature controller was
allowed to stabilize for a given applied voltage to the cell from the power supply.
A 300mm focal length lens is used to zoom into the area of the defective crystalline
region, as shown in Figure 6.2.1. This lens was chosen to provide a magnification of
approximately 3 times to zoom into defective regions of the crystal. The magnifications
used here are able to image regions on the solar cell of common dimension considering
the distributions of dislocation networks and sub grain boundaries observed in other
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work [186, 482, 546].
It was found that, due to the chromatic aberration of the lens used, the indirect-
bandgap luminescence from silicon and sub-bandgap luminescence from dislocations had
slightly offset back-focal planes. This allowed the instrument to be adjusted to focus into
either the dislocation emission, or the emission from the indirect-bandgap of silicon, and
hence naturally control the reduction of dislocation luminescence in the indirect-bandgap
images.
6.2.2 Resulting analysis of polarization analysis and electroluminescence
images
We can use both images obtained with and without the long pass filter to compare dark
regions of the luminescence image of the indirect bandgap with the emission of infrared
light from the dislocations. It is expected that the dislocations emit light at regions
of the solar cell which show a reduction in the indirect-bandgap intensity, since those
dislocations will enhance non-radiative recombination rates.
Figure 6.2.1 shows forward-bias electroluminescence images of two multicrystalline
silicon solar cell samples with and without the long pass filter used to distinguish between
bandgap and sub-bandgap luminescence. The electroluminescence images were obtained
from two multicrystalline silicon wafer solar cells using forward currents of 10.41 and
7.07mA/cm2, respectively. Dark regions of these images indicate reduced excess carrier
concentration due to defects at those locations of the cell [197, 547]. The dark corner
regions of the electroluminescence images are caused by vignetting in the optical system.
The fine horizontal black lines are the metal fingers of the front electrode, while the wide
vertical black line is caused by both the bus-bar of the front electrode and the metal
needles used to deliver the current.
Figure 6.1.5(a) shows a photoluminescence image of the raw silicon wafer from which
the cell was manufactured, where a number of defects may be observed as dark regions of
the crystal. This image was processed to delineate dislocations lines as seen on the right
of Figure 6.1.5(b). For comparison, the dislocation related luminescence of the solar cell
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Figure 6.2.1: Two multicrystalline silicon wafer solar cells showing dislocations identified
by sub-bandgap luminescence at 25◦C are shown. The images labeled (a) and (c) show
standard luminescence from the two samples under study. The images (b) and (d) are
the corresponding sub-bandgap luminescence images suspected to be partially polarized.
The sub-bandgap luminescence is imaged by the use of a long pass filter at 1350nm to
remove the dominant indirect-bandgap luminescence. Observable defects as dislocations
in images (b) and (d) (dark swirly lines which is defect luminescence originating at
energies inside the bandgap of silicon) correlate in space to the bright luminescence of
the unfiltered electroluminescence images (a) and (c).
made by processing the wafer shown in Figure 6.1.5 is displayed in Figure 6.1.4, along
with its electroluminescence image.
The sub-bandgap electroluminescence images of two samples were obtained. Regions
with a high density of dislocations (D1 - D2 lines) can be seen by using the 1350nm
long-pass filter. It can be seen that some dark regions of the forward-bias electrolu-
minescence images correspond with sub-bandgap luminescence from dislocations. The
sub-bandgap luminescence emitted at dislocations in silicon [202, 453, 536, 547, 548]
has some correspondence with the photoluminescence image of the raw wafer, and the
processed image of the raw wafer in Figure 6.1.5. Notably, the delineation of what are
presumed to be dislocations by image processing using a high pass spatial filter and the
dark regions can be seen correspond, but the dislocation emission does not occur at all
of these regions.
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The partial polarization p of sub-bandgap luminescence from the multicrystalline sil-
icon wafer solar cells is shown in Figure 6.2.2. A large variance in the partial polarization
image computed from Equation 6.2.1 may result from the ratio of the random noise on a
pixel. To remove this variance, a threshold level was applied to remove the lowest level
of read-out on each pixel. This effectively conditions Equation 6.2.1 to be applied to
data slightly above the noise level of the indium gallium arsenide array, while a value of
zero is applied to the dark regions (noise).
Figure 6.2.2: Spatially resolved partial polarization p of the luminescence from the two
multicrystalline silicon wafer solar cells investigated. It can be seen that the highest
degree of polarization occurs in clusters of defects with a high sub-bandgap luminescence,
as shown in Figure 6.2.1. These clusters are regions of high carrier recombination,
which reduces the efficiency of the solar cells. Sub figures (c), (d), (e) and (f) show
magnifications of the partial polarization image for selected defects labeled A, B, C, and
D with orientations of 0◦, 30◦, 50◦, and 95◦ (±5◦), respectively, based on the coordinate
system marked in the image. This partial polarization as defined in Equation 6.2.1
indicates electrical anisotropy at the defective regions, and represents the magnitude of
the degree of polarization of luminescence.
Taking the defect luminescence of the right of Figure 6.2.1, the set of images for
various orientations of the polarization analyzer is processed to get an image of the
partial polarization. Images were converted to numerical arrays and an array is formed
containing each image for the set of polarizer angles. The maximum and minimum values
and angles were found at each point and used to calculate the partial polarization as in
Equation 6.2.1.
These partial polarization images can be seen to correspond strongly to the forward-
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bias dislocation luminescence images shown in Figure 6.2.1. It was observed over a wide
variety of solar cells, made from wafers produced by different manufacturers, that the
dislocation luminescence is always partially polarized light.
The strongest polarization is found along long dislocations with values as high as
p = 0.6 or being a preference of nearly 35% for one polarization. In comparison, the
luminescence of most of the sub-bandgap luminescence observes a partial polarization
of about p = 0.2.
6.3 Orientation of the polarization of luminescence from dislocations
in multicrystalline silicon solar cells
The partial polarization of luminescence appears to be directed along the grains, thus
it obtains some information of the direction of grains. Given that the control of these
grains is known to be useful in fabricating multi-crystalline solar cells [515, 549, 550] it
will be instructive to adapt the method to yield structural information of the crystal
such as grain orientation, length, direction, number of random crossings, or the kind of
dislocation that exists.
Figure 6.3.1 shows the sinusoidal intensity dependence of the analyzed intensity IA(θ)
as a function of the angle θ of the transmission axis of the polarization analyzer for sub-
bandgap electroluminescence from four points marked A, B, C, and D in Figure 6.2.2.
These points correspond to four different dislocations oriented with the angles 0◦, 30◦,
50◦, and 95◦ (±5◦) to the coordinate system shown in Figure 6.2.2.
The four dislocations labeled A, B, C and D are magnified in Figure 6.2.2. By
comparing the angles of the maxima in Figure 6.3.1 to the orientation of the dislocations,
we see that the partial polarization is always aligned perpendicular to dislocations. The
observation that the maximal polarization is aligned perpendicular to crystal dislocations
is consistent for all investigated samples. Moreover, the sinusoidal curve is indicative
of a dipole oscillator strength governing the emission of light from the defective regions
of the crystal, which supports the interpretation of luminescence emission fitting the
electric dipole model presented in Section 2.4.3.
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Figure 6.3.1: The sinusoidal dependence of the luminescence intensity is indicating a
Malus law, as is expected for emission at a dipole. The four curves correspond to four
different points on the solar cell which show a dislocation emission wavelength. The
four points are labeled A, B, C, and D as shown in Figure 6.2.2. The polarization of the
dislocation luminescence means that the charge distribution at the regions of dislocations
are anisotropic. This allows the representation of the emission center at the dislocation
as a dipole oscillator, which expects a Malus law for confinement on the orientation of
this dipole.
Notably, we found no polarization of electroluminescence from the silicon bandgap,
as expected for these isotropic radiative bandgap recombination events [192, 202]. How-
ever, p 6= 0 for electroluminescence from dislocations and the polarization corresponds
with the orientation of the dislocations in the crystal. In Figure 6.3.1 it can be seen
that the highest degree of partial polarization of the luminescence occurs in clusters of
defects with emitting sub-bandgap luminescence. These clusters are also regions of high
carrier recombination (see Figure 6.2.1), which reduces the efficiency of the silicon wafer
solar cell. At least to some extent, the reduction of luminescence corresponding to one
polarization axis indicates an efficiency reduction of the solar cell, likely due to reduced
carrier transport at the regions of dislocations.
In Figure 6.1.2 a differential luminescence image is shown for an entire solar cell.
The large contrast of the image identifies that the luminescence at particular regions of
the solar cell is polarized. To obtain this image, the polarization of the luminescence
was analyzed at two orthogonal positions of the polarization analyzer and these images
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were subtracted from each other. In the case that the luminescence is un-polarized, the
differential image would give values approximately on the order of the noise levels of the
camera array. However, if the luminescence is polarized, the differential image would be
non-zero for the polarized luminescence.
From the isotropic nature of the first indirect bandgap of silicon, we expect no po-
larization of the luminescence. This was confirmed by similar differential imaging exper-
iments (not shown). No polarization of the emitted reverse-bias luminescence was ob-
served either (not shown). This observation is understandable since the light-generating
carrier accelerations across the junction which are associated with reverse bias lumines-
cence are typically directed along the line of observation of the indium gallium arsenide
camera, and hence would not result in polarization of radiation in our plane of detec-
tion. Reverse bias light emission has been shown to correspond with defects in the silicon
wafer, but not specifically to crystalline defects such as dislocations [197, 468].
We observed that p 6= 0 for electroluminescence from dislocations and obtained a
maximal value of p = 0.6 in this experiment. The maximum and minimum intensities
transmitted through the polarization analyzer correspond with percentage differences
Imax/Imin = (1 + p)/(1− p). Thus, with p = 0.6, Imax = 4Imin. This value is associated
with a luminescence flux from an area on the cell imaged onto a single pixel of the indium
gallium arsenide array. For the imaging system used, a magnification of roughly 5 times
of the 20µm by 20µm pixels results in an area on the cell of 100µm by 100µm. This
leads to some averaging of the luminescence across a dislocation.
The spatially resolved orientation of the maximum and minimum polarization is
shown in Figure 6.3.4, using a color plot. The alignment of the polarization has been
shown to depend on the type of dislocation, the Burgers vector, and axis of the crystal
[536]. The dislocation related luminescence shows the color corresponds with dislocation
networks in the solar cell oriented in a similar direction. To create these images, the
intensity of each pixel was scaled using the partial polarization parameter and the color
was selected by finding the maximal polarization and dividing the range of angles into
a set of colors. The various Figures show both the partial polarization and polariza-
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Figure 6.3.2: (a) A magnification of the partial polarization image of a defect dense
region of a multicrystalline silicon wafer solar cell. (b) a magnification of the orientation
of the linear polarization image shown in Figure 6.3.3(a).
tion orientation as color figures. Figures 6.3.2 and 6.3.4 show higher resolutions of the
parameters for the region marked by the dashed lines in Figure 6.3.3.
The color representation corresponding to the orientation of the maximal polarization
are marked in Figures 6.3.2 and 6.3.4 in the captions, and on the color wheel placed
into each of the images. The color representations used to represent the orientation of
the maximal polarization are selected using an angular resolution of 30◦ for a single
color, and span 150◦ and 120◦ of the first and second solar cell, respectively. In this
analysis the total range of colors is chosen so that all the polarizations were found for
the particular area of the solar cell shown. It can be seen on both samples that there is
no polarization maximum oriented inside a small range of possible angular orientations,
thus these orientations are left blank in the color representation.
The color images of the polarization orientation were generated using a threshold to
locate pixels where a polarization of luminescence is above p = 0.135. The alignment
of the polarization axis of the polarization analyzer for the maximal polarization was
found at each of these pixels and plotted as a color representation on the associated
pixel. A filter was then used to reconstruct the partial polarization of the luminescence by
applying a multiple between the color data and the magnitude of the partial polarization
at each pixel. Thus, the plots show the partial polarization as a relative intensity in the
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Figure 6.3.3: The orientations of the polarization of the electric field of luminescence
emitted from dense regions of dislocations in two multicrystalline (a and b) silicon shown
in Figure 6.2.2. The color represents the orientation of the maximal polarization while
intensity of the pixel represents the partial polarization. The color wheel shows polar-
ization aligned in the range as follows: in (a) red 30−60◦, green 60−90◦, blue 90−120◦,
purple 120 − 150◦; and in (b) red 30 − 60◦, green 60 − 90◦, blue 90 − 120◦, purple
120 − 150◦, 150 − 180◦ light blue. The dashed region is shown in higher resolution in
Figures 6.3.2 and 6.3.4.
image, and the orientation as the color of each pixel in the image.
A number of dislocation networks can be seen, and the corresponding orientation of
the polarization is strongly related to the orientation of the dislocation. Figure 6.3.4(c)
shows the difference ∆θ in the angular setting of the polarizer between the maximum
and minimum polarization state. The average of the control variable for these images
was 10◦, thus the angle θ is within 80◦ and 100◦ (i.e. ≈ 90◦ difference between the
maximum and minimum). The maximum and minimum intensities of the analyzed light
are seen to correspond with a 90 ± 10◦ difference, as expected at a linear extended
defect. The sub-bandgap radiation from the dislocations identifies extended defects
in the multicrystalline silicon solar cell, while the polarization analysis can be seen to
provide a large set of data of the cell corresponding to the orientations of the dislocations.
All of the sub-bandgap luminescence can be seen to have a non-zero partial polarization
in the experiments performed.
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Figure 6.3.4: Forward bias electroluminescence of the marked region of Figure 6.3.4 is
shown in (a), and the partial polarization is shown in (b). Orientations of the maxi-
mal polarization on the region of the cell represented by color are shown in (c). The
difference ∆θ in the angular position of the polarization analyzer between maximal and
minimal analyzed intensities is shown in (d). The partial polarization is observed to be
the strongest at the inner region of the dislocations, possibly due to averaging of the
luminescence on a pixel. The color wheel shows the luminescence polarization is aligned
in the range as follows: red 30−60◦, green 60−90◦, blue 90−120◦, purple 120−150◦ for
orientations as marked on the cell. We see that ∆θ is within 80◦ to 100◦ as expected due
to the error of ≈ 10◦ associated with the computation of the polarization. For ∆θ = 90◦
the pixel is marked in red, and for ∆θ = 80◦ or 100◦ the pixel is marked in yellow. This
confirms that the maximum and minimum of the polarization analyzer angle occurs at
angles that are orthogonal to each other.
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6.3.1 On the anisotropy of the Bloch bands at extended defects in silicon
wafers
We have tested in our lab the polarization of luminescence and find that the band-to-band
luminescence shows no polarization, however, sub-bandgap luminescence is polarized.
This observation opens the door to new techniques for identification of defects in multi-
crystalline silicon wafer solar cells, which could allow the identifications of particular
defects at the grain boundaries, the direction of the grain boundaries, another variable
to allow modeling and understanding of carrier transport effects near grain boundaries,
as well as potential identification of precipitates absorbed in to the grains [551, 552], and
allows an experimental method to test theories of the quantum state of a solid material.
Interestingly, this method may be applied to research on controlled ingot growth,
where it was found that high efficiency multicrystalline silicon wafer solar cells may be
made. For example, an 18.2% efficient solar cell was presented by Nakajima based on a
controlled grain method of ingot growth, using solar cell processing that would otherwise
give efficiencies of ≈ 15.5% [519].
The polarization of the emission should correspond with the presence of an anisotropic
emitter in the absence of an anisotropic external field at the site of radiative recombina-
tion. Radiative recombination depends on the wave function of carriers in the material,
giving a probability R for the occurrence of optical transitions at the crystal defect.
These events can be observed as the intensity of the luminescence, whereby I ∝ R. The
wave functions are reducible to spatially dependent conduction |uc and valence |uv Bloch
bands at the crystal defect [392, 518]. For an anisotropic semiconductor, the probability
of optical transitions may be formalized to include the emission of a linearly polarized
photon of polarization vector ~e = ~e⊥ + ~e‖. The luminescence intensity may be written
I ∝ K| 〈uc|~e · ~p|uv〉 |2 (6.3.1)
where ~p = −ih¯∇̂ and K describes the overlap of the electron and hole envelopes
[390, 392]. For luminescence from the dislocations, the partial polarization p = (I⊥ −
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I‖)/(I⊥ + I‖) obtained from orthogonal intensity components (I‖ and I⊥) measured in
the experiment may generalize to the inequality p 6= 0. Thus, I‖ 6= I⊥ for the sub-
bandgap luminescence from regions of high dislocation density. Expanding the polariza-
tion vector ~p in Equation 6.3.1, the dipole terms satisfy | 〈uc|~e · ~p|uv〉 |2 6= | 〈uc|~e⊥ · ~p|uv〉 |2.
This verifies anisotropy of the spatially dependent Bloch wave functions at the silicon
dislocations subject only to observation along the polarization axis of the polarization
analyzer, as expected at a region of crystalline imperfection. These Bloch bands are
a perturbation from a silicon band due to the strain or stress field which modifies the
potential energy within the material [325, 394, 553].
6.4 Conclusion and outlook of luminescence polarimetry of silicon wafer
solar cells
In this Chapter the expansion of the luminescence imaging technique by the application
of spatially resolved polarization analysis was presented. It was hypothesized, and shown
experimentally, that certain defects in silicon wafer solar cells generate strongly polarized
electroluminescence. In particular, extended crystalline defects in silicon wafers were
shown to exhibit a electroluminescence partial polarization as high as p = 0.6. It was
also observed that the orientation of the polarization of the dislocation luminescence has
a strong correlation with the spatial distributions of the sub grain boundary dislocations,
or dislocation networks.
The luminescence polarization effect was discussed in relation to internal charge
anisotropy of defects in silicon wafer solar cells. These results may be used to advance the
characterization of solar cells, to understand the electrical properties of defects in silicon
wafer solar cells, or to probe the Bloch-band anisotropy at regions of a high defect density
in multicrystalline silicon materials. It may be useful to apply this method to understand
multicrystalline silicon ingot production, where it is known that controlling dendrite
growth and the manner of crystallization can lead to improved solar cell efficiencies
[519, 528, 549, 554].
Polarization analysis of luminescence may potentially distinguish between kinds of
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defects in the crystal. For example, edge dislocations, screw dislocations, and mixed
dislocations [127, 555] may have various polarization signatures. Finally, it may be
useful to identify various precipitates within the dislocation. The polarization method is
not limited to silicon wafers and therefore is expected to also provide additional insight
into non-silicon semiconducting materials such as cadmium telluride (CdTe), copper
indium gallium selenide (CIGS), or organic semiconductors.
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7 Theory of defect detection in raw silicon wafers using
transmission polarimetry
The purpose of this Chapter is to present an alternative characterization method to
photoluminescence imaging motivated from the observation that extended defects in
silicon materials are anisotropic in their structural distribution, as presented in Section
6.3.1. In this Chapter, the photoelastic strain of extended defects in silicon is shown
to affect the polarization of light transmitted through multicrystalline silicon. This
motivates studies on the transmission of light through a silicon solar cell material using
a polarization control and analysis instrument. An instrumentation is reviewed which
has potential for raw silicon wafer sorting for inline application. The transmission signal
of the instrument is calculated as a function of the strain at a single edge dislocation,
and is considered as a function of the density of defects in the silicon by extrapolation.
7.1 Introduction and motivation for the use of transmission polarime-
try for wafer sorting
Silicon is transparent in the infrared range if undoped, and absorbs near infrared light
when heavily doped [556, 557]. Transmission of light through raw silicon has potential as
a method of inline characterization as it is non-destructive and non-contact [558]. Inline
characterization during silicon wafer solar cell production may lower the cost of produc-
ing photovoltaic devices [134]. One inline method for reducing production cost involves
production monitoring to reject or recycle partially-processed solar cells when found
defective. Another method involves the application of raw silicon wafer sorting, which
can reduce the performance variance of photovoltaic cells strung and encapsulated into
modules [559, 560]. This works because a string of solar cells in a solar module operates
on the principle of the weakest link, where inclusion of a single poorly functioning cell
limits the current flow through the photovoltaic module, thus determining its electrical
performance. In the absence of bypass diodes, a balance of current in the cell string is
important in improving the photovoltaic efficiency of a photovoltaic module.
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Figure 7.1.1: (A - left) Stress fields as normalized constant amplitude contours perpen-
dicular (blue solid lines) and parallel (red dashed lines) to the Burgers vector B of an
edge dislocation at the origin of the polar coordinates. This is drawn showing the com-
pressive and tensile strains in the crystal above and below the edge dislocation. (B -
right) Crystal lines are drawn showing and edge dislocation marked at the origin, and
the slip orientation. The stresses above the dislocation are compressive (negative) while
the stressed below the edge dislocation are tensile (positive). The plane drawn is parallel
to the Burgers vector.
For wafer sorting applications, cell efficiencies must be inferred from measurements
on the raw material assuming a low variance in the production schedule. At least for
silicon wafer-based photovoltaic technologies, this is realistic. Extended defects in mul-
ticrystalline silicon are frozen in during solidification. An understanding of these defects
is of interest to allow the use of inexpensive, lower quality multicrystalline silicon ma-
terial, and still allow high performance photovoltaic devices [516, 528]. Recording the
dislocation density may be used for wafer sorting since the defect density originating in
the raw material affects ultimately the photovoltaic efficiency of a device [528]. Dislo-
cations, as sites of bulk recombination, cause larger photovoltaic efficiency reductions
than grain boundaries, and can be regions where metallic particles precipitate into high
concentrations. As well, dislocations generally occur in larger concentrations than metal-
lic impurities do in multicrystalline silicon wafers [509, 554]. They are also not easily
detected in a non-destructive manner.
Using a chemical etch, dislocations in silicon may be counted destructively [541–543].
Dislocations also emit their own spectra of luminescence related to oxygen and atomic
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precipitation [119, 454, 551], yet the emission does not delineate all dislocations in the
crystal (see Figures 6.1.4 and 6.1.5), and the signals are too weak to be detected easily,
and with low camera integration times, in undiffused silicon wafers [187]. Dislocations
may alternatively be found from photoluminescence images using image processing to
detect spatial inhomogeneity in the substrate [156, 162].
In Chapter 6, it was found that emission of luminescence from defective regions of
multicrystalline silicon material yielded polarized light, and hence the material included
anisotropic structures of matter [5, 6, 202]. These anisotropic structures will not only
act as anisotropic emitters, but the anisotropy at the defective regions will lead to
birefringence in the crystal due to the stress field in the volume of the defect (see Figure
7.1.1). In this sense, dislocated regions of the silicon wafer may be identified by exhibiting
uniaxial optical behavior, while dislocation free regions will not exhibit this behavior.
This aspect is used in this work to provide a raw wafer sorting merit using a cross
polarizer instrument that may measure the residual stress in a raw wafer, and hence,
the defect density of the wafer. Such measurements may also detect defects which do
not necessarily emit luminescence.
7.1.1 Comparing transmission polarimetery with photoluminescence imag-
ing
Luminescence imaging identifies defects as relative intensity reductions over the spatial
topography of the silicon material or device [197]. Non-radiative and radiative recom-
bination (luminescence) mechanisms compete for excess electron-hole pairs. Thus, as
the defect density rises, the recombination rate rises and the luminescence intensity de-
creases. The situation includes effective carrier lifetime reductions since surface and
bulk parameters affect the local light emission process. In general, as the defect density
rises, photoluminescence signals decrease. In the case of unpassivated silicon, the surface
recombination velocity is high and the luminescence signal is low. Photoluminescence
thus requires large optical excitation powers for defect detection in raw silicon wafers.
As well, image processing is required to detect defects (e.g. see Figure 6.1.5) so the
150
instrument requires a camera.
Transmission imaging instruments were shown to reveal grain boundaries (also visible
to the eye), and microcracks [561]. The photoelastic effect will determine the birefrin-
gence at anisotropic regions of the crystal [322, 323, 326] and thus may characterize
defect concentrations. A transmission-based approach [558] may then be used allowing
an instrument to obtain the entire transmitted signal on a single photodiode in principle,
without the need for a camera, since a transmission of light through the defective wafer
and crossed-polarizer instrument will yield an increasing signal function (transmitted
light) as the defect density rises, in contrast to the photoluminescence imaging routine.
The transmitted light associated with birefringent strain fields and thus defects in the
material may be focused onto an inexpensive photodiode for an average measurement.
It is thus useful to enable polarization control and analysis of a transmission-based
system to exploit the strain birefringence of silicon wafers [328]. In comparison to pho-
toluminescence, this instrument may operate using optical sources with lower powers
compared to photoluminescence imaging excitation lasers, since the selection of a light
emitting diode with a long wavelength will lead to large transmission signal through the
sample. It also allows the assessment of a defect density using a positive correlation to
the instrument output; namely, the increasing transmission signal due to defect densities,
and does not require a expensive camera element.
For the purpose of this methodology, regions of local anisotropic strain are treated
as indicative of a defect in the silicon, while regions of isotropic charge distributed in the
crystal can indicate a defect-free silicon crystal. For the purpose of transmission-based
characterization, this is equivalent to identifying a well-formed silicon crystal as optically
isotropic, and identifying defective regions of the silicon crystal as optically birefringent
[395].
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7.1.2 Calculation of the transmission of light through a cross polarizer ar-
rangement including a raw silicon wafer
In principle, the presence of a dislocation in the silicon crystal gives rise to a strain field.
The Neumann-Maxwell stress-optic law gives a linear dependence of the refractive index
with the strains and photoelastic constants of the material. These strains will govern
the photoelastic response by the Equation [327, 562]
∆(−1ij ) = pijklµkl = piijklσkl (7.1.1)
where a change in the inverse dielectric constant ∆(−1ij ) is proportional to the photoe-
lastic tensor pijkl and the strain µkl, related to the piezooptic tensor piijkl and stress
σkl. In a nonmagnetic material, the speed of light is c/n = 1/
√
µ0 and so we have a
relationship between the strain µ, the dielectric constant , and the refractive index n of
the material.
Assuming a single edge dislocation, the stresses µ⊥/‖ in planes perpendicular and
parallel to the Burgers vector of the edge dislocations assume the following values in
polar coordinates (r, θ) [327]
µ⊥ = −((µ0B)/r) sin(θ)cos(2θ),
µ‖ = ((µ0B)/r) sin(θ)(2 + cos(2θ)).
B is the magnitude of the Burgers vector, and µ0 is a strain coefficient. The magnitude
of the Burgers vector is equal to the width of the extra half plane above the edge
dislocation. The strain field creates compressive strain above and tensile strain below
the dislocation, as shown in Figure 7.1.1. These strains are strongest near the dislocation,
and are reduced by inverse proportion to the distance from the dislocation.
The strain fields will affect light transmitted through the sample by inducing a phase
in the electromagnetic wave which will propagate though a gradient in the refractive
index. The transmission T of light of input amplitude
√
I through the dislocated sample
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Figure 7.1.2: Polar plot of normalized intensity contours 1 = cos2(2φ) cos2(φ−β) of light
transmitted at an edge dislocation through a crossed polarizer instrument in the plane
parallel to the Burgers vector. The angular coordinates φ are for the angle between the
slip direction and the polarizer (polarization of the transmitted light). Plotted are four
curves of various orientations of the edge dislocation and polarizer (β). The constant
intensity contour extends outward with r2 = x2 + y2, and the transmitted intensity
goes to zero for matched strain φ = npi/2 + pi/8 at multiples of n ∈ Z. Integration
of the transmission intensity results in a signal through the cross polarizer instrument
dependent on the defect density of the silicon. The transmitted light is extinguished for
defect-free isotropic silicon by the polarization analyzer.
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can be calculated from
T/I = sin2(2γ)sin2(δ/2) (7.1.3)
where δ quantifies an induced birefringence, and γ originates from the orientation of the
electromagnetic field in the crystal [326]. The angle β is defined by Bullough [322] as
2γ = 2θ + 2β. (7.1.4)
β is the angle between the polarizer and the slip direction, and θ = 12 tan
−1[(y2−x2)/2xy]
is the angle between the Cartesian coordinates (x, y) centered on the dislocation, and
the principle coordinates of the optical indicatrix. The phase difference found from the
difference in the optical pathlength is
δ = (2pit/λ)∆n (7.1.5)
for wavelength λ and pathlength t.
The difference in the refractive indices near the birefringent dislocation due to the






C¯ is the effective photoelastic constant for silicon [321, 324], and e
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(1 − 2νp)y] and e′22 = B4pi(1−νp)r2 [x + (1 − 2νp)y]. Taking the difference of the principle








Here νp is Poisson’s ratio for silicon [563].
Substituting Equations 7.1.7 into 7.1.6, then 7.1.6 into 7.1.5, and Equations 7.1.5
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and 7.1.4 into Equation 7.1.3 gives a final representation of the light transmission at the








This Equation is based on the approximation that sin(θ) ≈ x − x33! + x
5
5! · · · , and since
the argument (δ/2) is small, only the first term is retained.
Equation 7.1.8 may be simplified in polar coordinates (r, φ) putting φ = 0 as the
direction of the polarizer (the electric field of the transmitted probe beam). Then,
2θ = 2φ − 2β − pi/2 and the Cartesian to polar conversion follows from the Equations
cos(φ− β) = x/r, and sin(φ− β) = y/r [322]. Let K1 = BtC¯/2(1− νp)λ to collect the
constant terms for the silicon sample, and the instrument. Then, the constant contours
of transmission can be found from the transmission function
T/I = (K1/r)
2 cos2(2φ) cos2(φ− β). (7.1.9)
The contours of the Equation are shown in Figure 7.1.2 for a value of K1 = 1, and
in Figure 7.1.3 it can be seen that the majority of the transmitted light originates near
the center of the edge dislocation, and falls of as the square of the distance from the
dislocation. These calculations were performed with the Burgers vector oriented parallel
to the wafer as shown in Figure 7.2.1(A). Similar findings result for various orientations
of the Burgers vector in the plane transverse to transmitted light.
7.1.3 Determining the dislocation density in a raw silicon wafer using a
transmission polarimeter
The transmission of light through the multicrystalline silicon wafer as expressed in Equa-
tion 7.1.9 is thus proportional to the strength of the Burgers vector of dislocations, the
dislocation density, and inversely proportional to the wavelength of transmitted light. In
the absence of dislocations, a signal will be extinguished to the noise level of the detector.
This assumes an effective photoelastic constant governs a small refractive index change
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Figure 7.1.3: Intensity contours of the transmitted light in arbitrary units. The ma-
jority of the transmitted intensity can be seen to originate near the edge dislocation.
A transmission signal occurs for various angular orientations of the polarization of the
input light and edge dislocation shown between plots A to D. The angle β is marked
in the plot and the coordinates in units are marked in the upper left Figure A, which
serves similarly for all plots.
in the material due to the presence of the dislocation. A sum of transmitted light from
Equation 7.1.9 over an area bounding a silicon wafer may assume a merit to determine
the average defect density of the wafer. This can then be used to achieve a raw wafer
sorting instrument, which collects the entire transmitted signal through the sample and
instrument, and equates it to a dislocation density in a linear fashion.
The situation is complex considering a real dislocation network, or for dislocations
forming as so-called sub-grain boundaries (SAGB) or dislocation networks [482, 546]
which is of interest in silicon wafer characterization, since the presence of multiple strain
distributions lead to interference. For example, two closely spaced edge dislocations
will cancel the strain field between themselves. Comparatively, dislocation networks will
develop strain fields distributed through combinations of their Burgers vectors, which
are subject to reduction of energy in the crystal during dynamic solidification [564, 565].
Secondly, due to the interference of strains by neighboring dislocations, the total intensity
which results from measurement on multicrystalline silicon wafers is expected to be
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reduced from that of a model which sums the edge dislocations.
Modeling of dislocation networks in multicrystalline silicon can be performed, and
the strain fields can be generated so that a transmission function can be determined
for these samples. This is necessary when completing a theoretical calculation of the
defect density from the signal achieved from a transmission polarimeter. Alternatively,
statistical methods may be used by measuring the transmission of light through the
raw silicon wafers in the polarimeter, and then compared to the dislocations densities
counted after a chemical etch is applied. It may be assumed that dislocation networks
will still be detectable due to the presence of the strains in the crystal, and the effect
on the transmitted light will give an increasing signal of the defect density which is
monotonic.
7.2 Transmission polarimetry instrument for analysis of the density of
extended defects in silicon wafers
Figure 7.2.1 schematically shows an instrument for detecting the average photoelastic
strain in a silicon wafer using a crossed polarizer arrangement. A polarization controller
can be used to vary the polarization and the analyzer orientations. Wave plates may
also be used to introduce circular or elliptical light as the probe, should this be needed.
A high signal-to-noise level may be achieved by coupling the source of light directly to
the detector. As defects rise, the density can be classified by a larger collective signal
on the photodiode because of an increase in the transmitted light through the analyzer.
An array of light emitting diodes can be used as the source, or a single diode may be
homogenized for low light levels. A wavelength is chosen using criteria including that it
is transmitted through the crystal, it interacts strongly with the dislocations, and it can
be detected on a common optoelectronic device. Light emitting diodes near 1200nm and
1300nm may be appropriate. The detection of this light can be performed on an indium
gallium arsenide diode. Single photon counting may also be enabled on an avalanche
photodiode to achieve a high signal. Such a photodetector may operate in Geiger mode
[566], using passive gating on the diode and a thermal electric cooling stack of Peltier
157
Figure 7.2.1: An instrument schematic for measuring dislocation densities in raw silicon
wafers using a cross polarizer arrangement. SW=silicon wafer, S=light source, L=lens
(divergent or convergent), P=polarizer, A=analyzer, M=curved mirror, SPAPD=single
photon counting avalanche photodiode. A mirror is used to focus the transmitted light
into a single photon counting avalanche photodiode. In this case, the average dislocation
density of the wafer may be measured and there is no need for an imaging camera. As
well, the polarized probe light is directly coupled through the transmissive sample, and
so a low power source can be used. This improves the economy of the instrument. The
source may assume the form of an array of light emitting diodes.
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crystals to reduce the diode temperature and noise level.
It may be seen from the plots of Figures 7.1.2 and 7.1.3 that the edge dislocation
in silicon will result in transmitted light through an arrangement of a crossed polarizer
and a multicrystalline silicon wafer. Otherwise, the isotropic crystal will not introduce
this effect. Thus, the cross polarizer instrument shown in Figure 7.2.1 to measure light
transmitted through the cell may allow a determination of the dislocation densities by
the photoelastic effect.
The surface roughness of an as-cut multicrystalline silicon wafer may lead to scatter-
ing of light. Scattering will result in destruction of the polarization information, which
may be expected for as-cut silicon wafers. The loss of information will be total when the
scattering element is on the order of the wavelength λ of the transmission probe light.
Wafers may be polished for proof of principle, as done previously [567, 568]. This effect
can be negated by the use of index matching fluids, which then must be selected so as
to be suitable for use within a silicon wafer photovoltaic production line.
7.3 Summary of the potential use of transmission polarimetry for raw
wafer sorting
This Chapter has shown that theoretically, the strain induced at regions of anisotropy in
silicon materials will affect transmitted light through raw multicrystalline silicon wafers.
This is due to the introduction of birefringence at certain regions in the silicon crystal
which may be classified as having a high defect density through the photoelastic effect
[395, 562]. We can associate regions of anisotropic strain and birefringence with the
presence of extended defects in the silicon crystal. This motivates the development
of characterization instruments which use the transmission of light through a wafer
in tandem with polarization control and analysis. For example, a crossed polarizer
arrangement may be useful to characterize the densities of dislocation defects in raw




This Thesis has focused on the experimental and theoretical investigation of luminescence-
based characterization of silicon wafer solar cells. Defect analysis and measurement of
the electrical properties of silicon wafer solar material and devices was developed in the
research. The theory of light emission was presented, including both the generalized
Planck model and the transmission moment model, to understand and consider ad-
vancements of luminescence-based characterization in Chapter 2. The instrumentation
for photoluminescence and electroluminescence imaging was designed, assembled, and
tested, as described in Chapter 3. Advances were proposed for applying luminescence-
based characterization including luminescence spectroscopy described in Section 5, and
luminescence polarimetry described in Section 6.
8.1.1 Luminescence spectroscopy
In the case of extending characterization to allow hyperspectral imaging, it was shown
that the instrumentation has potential for determination of physical parameters in the
solar cell, whereas the instrumentation which detects only emission intensities yields a
smaller dataset, in comparison. Luminescence spectroscopy was enabled over the entire
device area using a line-imaging spectrometer, and a micrometer pin, to translate the
sample. This allows spatially resolved imaging to be achieved, giving the spectrum of
light for the full device area.
Spatially resolved luminescence spectroscopy was shown to allow detection of texture
effects in silicon wafer solar cells. As well, the electrical property of the solar cell was
characterized using the wavelength at the peak intensity of the spectrum, as a demon-
stration of an empirical correlation between a specific feature of the spectrum, and the
effective diffusion length of minority carriers of the device measured using light beam in-
duced current. Further research on luminescence spectra may yield improvements based
on identification of features of the luminescence spectrum.
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8.1.2 Luminescence polarimetry
The transition moment model of light emission predicts that the polarization anisotropy
of luminescence retains information on the structure of physical materials, and is par-
ticularly useful in investigations of extended defects in silicon wafer solar cells. It was
shown that, using a luminescence polarization imaging instrument, regions of disloca-
tion emission gave strong polarization dependences in the luminescence emission. The
polarization is observed to be strongly correlated with the orientation of the dislocations
in the crystal.
Experiments were developed to characterize the partial linear polarization of lumines-
cence emitted from silicon wafer solar cells. This provided a measure of the anisotropy in
the silicon, allowing identification of defects in solar cells. Multicrystalline silicon wafer
solar cells were investigated. These materials may provide cost reductions for photo-
voltaic device fabrication, and thus these discoveries may be important for their use in
advancing silicon wafer solar cells production, materials preparation, and wafer sorting.
8.1.3 Identification of defects in silicon wafer materials and devices
Reverse-bias device breakdown and dislocation-related luminescence were investigated.
This emission was correlated to defects in the silicon wafer solar cells. Elemental studies
of silicon wafer solar cells were performed using x-ray fluorescence, with the ultimate goal
of understanding the impact of particular defects on the electrical properties of the cell.
Those defects may be measured using photoluminescence, and this study can be used
as well to find methods of identifying defects. It was found using synchrotron induced
x-ray fluorescence that regions of reverse-bias electroluminescence generally had higher
concentrations of metals than regions of the samples emitting sub-bandgap luminescence.
As well, this study provided a generalization for understanding two kinds of defect
luminescence emission from silicon wafer solar cells, and was among the first to report
on the observation of Co in regions of reverse-bias luminescence emission.
The photoluminescence instrument developed was designed to provide multiple wave-
lengths for excitation of carriers. This can provide variations in the generation profiles of
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excess minority charge carriers in the silicon material. This instrument may then provide
the means of evaluating the front and/or rear surface recombination velocity since the
generation of carriers may differ near the surface when using a short or long wavelength
excitation. This may be difficult to implement however, as the typically large minority
carrier diffusion length as compared to the geometric width of a photovoltaic device will
lead to a saturation of the recombination on the silicon surfaces, and saturation of the
luminescence emission.
8.1.4 Textured silicon materials
It was shown that current models of luminescence reabsorption may give inaccurate
quantities for the luminescence flux emitted from a silicon wafer solar cell. This is due
to the texture of a standard silicon wafer solar cell. Models which assume a planar
structure with flat surfaces will result in an inaccurate determination of the spectral flux
from a textured solar cell.
As an alternative to assuming that absolute values may be obtained with a lumines-
cence imaging instrument, a calibration procedure was used to evaluate the electrical
properties of silicon wafer solar cells based on demonstrating an empirical correlation
with known datasets. A calibration procedure for the determination of the carrier trans-
port properties of a silicon wafer solar cell was developed, with the correlation of dif-
fusion lengths determined using light beam induced current measurements and those
determined using spectroscopy to be approximately 85%.
As well, the use of luminescence spectroscopy was considered to provide spatially-
resolved determination of the pathlength enhancement factors of solar cells, or silicon
textures. Preliminary results show a difference in the spectrum obtained from multicrys-
talline silicon solar cells with a sub-optimal texture, and an optimal texture.
8.2 Proposed future work
Based on the results obtain in this Thesis, and on the instrumentation that was devel-
oped, a list of future potential characterization routines is now given. These include
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the use of polarization analysis, and the further investigation to the physics behind the
observation of this parameter, as well as a particular application to which hyperspectral
imaging may be applied.
8.2.1 Using polarization of emission to characterize extended defects in sil-
icon crystals
Anisotropy in a silicon crystal is correlated with defects in silicon, as observed in Section
6. Polarization analysis may be used to study volumes of dislocations in silicon ingots,
and may be used to study characterization of electrical properties in correlation with the
polarization analysis. As well, utilizing a high resolution lens for microscopic analyses of
the polarization emission from dislocations in multicrystalline silicon may yield further
information on the correlation between the polarization of emission and the structure of
the material.
The polarization emission was systematically aligned to the dislocations. This indi-
cates that it is likely that luminescence emission represents a form of order which results
due to the solidification process. Understanding this may allow further insight or appli-
cation of characterization for solidifications of silicon crystals. These observations may
as well be applied to understand dislocations in silicon electronic devices.
This study was completed using an electrical excitation. When extrapolated to use
in a photoluminescence instrument, the orientation of the excitation field as well as
the orientation of the radiation of the emission field may be utilized for control and
analysis, respectively. This will allow the use of optical dichroic effects, as well as
emission orientation analysis for characterization. For example, differential imaging
using two different excitation laser polarizations may be able to delineate particular
defects, in-so-far that surface effects which may destroy polarization information in the
excitation laser are minimized.
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8.2.2 Interaction of luminescent materials with alternative external fields
A magnetic field may be used to induce quenching in silicon, or induce optical anisotropy
of luminescence at regions of the crystal embedded with defects. Owing to the gener-
alization that the polarization anisotropy of luminescence is related to the anisotropy
in the material, as well as external fields, this kind of experiment may yield additional
information. It should be possible to observe the interaction at defects in the silicon
band as an effect on luminescence emission, using both changes in the orientation and
strength of an external magnetic field.
Thus, differential imaging using luminescence quenching with magnetic fields could
assist in the identification and location of defects in silicon wafers and silicon wafer solar
cells. The use of magnetic fields (though required strengths are on the order of a few
fractions of Tesla) may thus enable metal detection by using differential imaging with
magnetic fields on and off, or other experimental procedures.
8.2.3 Characterization of decorated dislocations and precipitates by circular
or elliptical polarization of luminescence
The application of luminescence polarimetry on the Poincaire sphere to observe the
angular momentum of the photon may be used to determine the presence and type of
metallic particles at a dislocation. It is not easy to distinguish regions of dislocated
silicon from regions of dislocations including precipitation.
Since a metal may inject an electron into the silicon conduction band from its mag-
netic sub levels, and hence with nonzero spin, the radiative recombination of these
carriers would potentially lead to emission of circularly or elliptically polarized pho-
tons. Such an effect may be enhanced by the application of external magnetic fields,
as previously introduced. The advantage here is that various defects in multicrystalline
silicon wafers are hard to distinguish, and so evaluation of this parameter may provide
additional information for the evaluation of defects in multicrystalline silicon.
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8.2.4 Inline characterization using transmission polarimetry
The utilization of alternative optical methods for characterization like the application
of light transmission through silicon materials and devices has potential for charac-
terization. In particular, regions of structural anisotropy as observed by the emission
of polarized luminescence in Section 6 at defects in the silicon wafer solar cells suggests
that it would be appropriate to implement infrared transmission-based scanning systems
using polarimetry [323, 396].
A raw wafer may be characterized using an infrared transmission polarimeter, which
may be used, for example, to observe the anisotropic regions of the crystal by their
birefringence [326]. The inclusion of extended defects will induce birefringence in the
transmission light probe [321, 324, 327, 563]. Polarizing the transmitted light and using
a crossed polarizer arrangement [395] may allow a measure of the defect density in a raw
wafer. Raw silicon wafer sorting is potentially feasible using a transmission polarimeter
instrument.
8.2.5 Spatially-resolved characterization of pathlength enhancement of tex-
tured silicon wafers
The use of hyperspectral imaging allows the characterization of luminescence spectra in a
spatially resolved manner. The spectrum will correlate with the pathlength enhancement
through the reabsorption of light, and multiple reflections in the silicon wafer solar cell.
This may allow the analysis of a monocrystalline silicon wafer’s texture.
Using different texturing procedures, the spectra may be evaluated from photolumi-
nescence and compared across samples. Using photoluminescence spectra, the hyper-
spectrometer apparatus, and various materials placed as back reflectors or diffusers to
the wafer may allow enhanced characterization of the texturing, for optimization, eval-
uation of the homogeneity of texture, or for evaluation of the pathlength enhancement
factor of a silicon wafer in a spatially resolved manner.
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8.2.6 Imaging diffusion lengths and the surface recombination velocity
A difficulty in achieving images of the diffusion length, and as well the surface recombina-
tion velocity using luminescence imaging has been that the diffusion of the charge carriers
to device terminals via the pn junction region dominates over the optical processes of
radiative recombination. methods have been proposed which would allow various in-
jection profiles in the wafer depth for imaging of surface recombination velocities, yet
these still suffer from the diffusion length problem similar to the ratio imaging method
as discussed previously. They may work only under certain conditions, such as defective
sites of the device.
A method which may modify the diffusion process may bypass this difficult. in spec-
ulation, the application of a field such as a magnetic field that may alter the diffusion
path of charge carriers into orbitals with a geometric diameter dependent on the field
strength could provide such a mechanism. Should this be feasible, luminescence imag-
ing may be applied to observe emission of light while various magnetic field strengths
(and orientations) are applied to place carriers into orbitals of varying diameter, some of
which are incident on the surface, some of which are maintained in the bulk regions of the
device. Then, the observations of various emission strengths may allow the resolution
of long diffusion lengths (above the device thickness) as well as the surface recombina-
tion behavior, from which both bulk recombination and surface recombination could be
determined above the effective rate currently quantified.
8.2.7 Luminescence emission from thin film devices
Though thin film photovoltaic devices still do not have a significant market share over
silicon wafer-based photovoltaic devices, they are an active area of research. Electrolu-
minescence emission from thin film silicon devices was observed during the study. This
emission tended to dominate near the contact points at which a voltage was applied,
and became limited at short distances from the contacts due to the higher sheet resis-
tance of the device. The thin area of emission from such devices will, as well, mean
that less active area for radiative recombination exists, and so weak signals are observed
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requiring very sensitive cameras, with low noise such that they may be integrated for
extended time periods. Thus, thin film characterization with luminescence imaging is
more difficult than for silicon wafer based devices.
The case of optical recombination will differ significantly between the kind of thin
film material under investigation. For example, cadmium tellurium films, copper indium
diselenide films, and amorphous silicon films each have different band structure, and so
different optical recombination processes. Should photo- or electroluminescence signals
be achieved in these devices, the method must allow distinct observation of emission
signals from the device junction as compared to the glass or plastic substrates, which,
being significantly larger in volume than the device film, may dominate the signal if their
emission spectrum is coincident. To advance the characterization of a thin film device
using an optical method, rather than relying on weak luminescence emission signals that
may easily be dominated by the emission of the device substrate, it may be useful to
consider optical interference of the thin geometry, optical reflection and their correlation
to defects, or other ways of measuring optical coupling to the device structure. Until
homogeneous measurements may be made of light emission from these devices, their
characterization must still rely on scanning based instruments which probe regions of
the sample and record the electrical behavior of the device.
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